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This textbook was necessitated by the 
broadening recognition of cytokine storm 
syndromes (CSS) and their import and 
impact on health worldwide. We dedicate this 
to the clinicians and scientists who explore 
CSS and to the patients and their families 
who allow us to learn how best to diagnose 
and treat CSS. We also would like to dedicate 
this work to our families who supported us 
during the process of preparing this textbook. 


Foreword 





The coeditors of the textbook Doctors Cron and Behrens have bravely embarked on 
the ambitious course of bringing together a group of international experts to dissect 
the current knowledge of cytokine storm syndrome (CSS) underlying both the pri- 
mary (p) and secondary (s) haemophagocytic lymphohistiocytosis (HLH). The 
resulting state-of-the-art chapters cover the historic background, clinical and labo- 
ratory features, criteria for diagnosis, and current classification (Part I), pathophysi- 
ology (genetics, immunology, and murine models—Parts II, III, VII, respectively), 
different potential triggers (infections, rheumatic, various others—Parts IV, V, VI, 
respectively), and current treatment options (Part VIII). 

Raising awareness of the CSS within the wide physician community is one of the 
textbook editors’ major goals. The term ‘cytokine storm’ refers to an activation 
cascade of auto-amplifying cytokine production due to unregulated host immune 
response to different triggers, resulting in clinical presentation of a desperately ill 
patient with unremitting fever, hepatosplenomegaly, progressive liver failure with 
coagulopathy, cytopenias, hyperferritinemia, and often central nervous system 
(CNS) involvement. If this constellation of clinical features is not recognised and if 
adequate treatment is not promptly instituted, progression to multiple organ failure 
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(MOF) and eventual death is inevitable. Infections are the earliest recognised and by 
far the most common cause; other triggers include malignancy; rheumatic (autoim- 
mune and autoinflammatory) disorders—where the process is termed macrophage 
activation syndrome (MAS)—as well as iatrogenic insults such as graft-versus-host 
disease (GVHD) in the course of haematopoietic stem cell transplantation (HSCT); 
and administration of different immunotherapeutic agents (e.g. monoclonal anti- 
bodies, chimeric antigen receptor (CAR) T cells, etc.). 

Since the initial reports in the early 1990s of ‘cytokine release syndrome’ [1] 
and/or “cytokine storm syndrome’ [2] and the discovery of a number of underly- 
ing genetic mutations affecting primarily T and natural killer (NK) lymphocyte 
cytotoxicity in young children with rare hereditary diseases of immune dysregu- 
lation, the familial (primary) haemophagocytic lymphohistiocytosis (pHLH) [3], 
the understanding of the underlying pathogenesis continues [4]. It is well docu- 
mented that other mechanisms besides failure of lymphocyte cytotoxicity, classi- 
cal for pHLH-associated gene mutations, can lead to hyperinflammation, 
including primary macrophage activation (by accumulation of metabolites, con- 
stitutive activation, or dysregulation of inflammasomes), impaired control of 
common viruses (by impaired lymphocyte signalling, development, or function), 
defects in interferon signalling, or impaired autophagy [5]. Nevertheless, all 
patients lacking pHLH-associated gene mutations are still classified as sHLH, 
even those with proven genetic predisposition, such as an increasing number of 
other primary (genetic) immunodeficiency disorders (PID) (e.g. severe combined 
and combined immunodeficiency (SCID and CID, respectively), chronic granu- 
lomatous disease (CGD), autoimmune lymphoproliferative syndrome (ALPS), 
etc.) and certain hereditary metabolic disorders (e.g. lysosomal acid lipase defi- 
ciency, lysinuric protein intolerance). Moreover, the genetic predisposition to 
SHLH has been supported by an animal model implying that select combined 
variants in pHLH-associated genes (e.g. mutational burden) may be clinically 
relevant and by reports of variations of pHLH-associated gene mutations (e.g. 
biallelic hypomorphic mutations, mono-allelic or digenic mutations in genes 
affecting lymphocyte cytotoxicity) found in patients with underlying rheumatic 
disorders and malignancy, with or without MAS [6]. However, recent report of 
whole-exome sequencing (WES) study of a large patient group did not support a 
digenic model of susceptibility for HLH as the majority of such variants were 
present in general population. Nevertheless, the study pointed to the association 
between HLH and genetic variants in a group of dysregulated immune activation 
or proliferation (DIAP) genes, most of yet unknown significance but including 
significant associations for mono-allelic and biallelic variants in some of the 
inflammasome genes (e.g. NLRC4 and NLRPI2, and NLRP4, NLRC3, and 
NLRP13, respectively) [7]. 

The precise genetic diagnosis is primarily of major clinical importance as that 
information, alongside the progress in understanding the nature of the initiation 
and progression of the systemic (hyper)inflammatory process characterising CSS, 
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enables clinical intervention relevant to and specific for individual patients, fur- 
ther paving the way towards precision medicine era [8]. This knowledge is already 
in practice, influencing important clinical decisions regarding appropriate treat- 
ments, such as targeting different and specific non- or malfunctioning pathways 
(e.g. failure of T- and NK-cell cytotoxicity, uncontrolled macrophage activation, 
overproduction of an array of different cytokines including interferon-gamma 
(IFN-y), interleukin (IL)-1, IL-6, IL-18, tumour necrosis factor (TNF) [5]) and 
identifying the potential novel targets [9], as well as the role of allogeneic HSCT 
[10]. The multidisciplinary team (MDT) approach to the complex clinical man- 
agement is paramount [11], both for recognising the underlying cause and for 
deciding about the most appropriate and specific treatment as demonstrated by 
our recent experience with a 2-year-old patient who initially presented to the 
haematology team with acute EBV-related liver and bone marrow failure and 
CNS involvement but failed to respond to HLH-2004 protocol. During the 
2-month-long dramatic clinical course in paediatric intensive care unit, the diag- 
nosis was confirmed as X-linked lymphoproliferative syndrome type 1 (XLP1), 
and in spite of escalating treatment regimen with an arsenal of classic (prolonged 
HLH-2004 protocol, anti-T-lymphocyte globulin (ATG)) and newly (at the time) 
emerging therapies (including rituximab, alemtuzumab, infliximab, and 
anakinra—the high-dose ‘Cron regimen’), the immunology team only achieved 
transient and incomplete remission of the HLH process. However, and most 
importantly, this offered the window of opportunity for a curative allogeneic 
HSCT using a reduced-intensity conditioning regimen with alemtuzumab, treo- 
sulfan, and fludarabine [12]. 

As several overlapping themes are reviewed by the different authors, certain 
degree of repetition was inevitable. However, many topics, for example, the one on 
historic background, experienced and presented by the authors who ‘lived through 
the journey’ only enrich the reader’s insight into the prolonged process, lasting over 
decades, to firstly recognise and subsequently define HLH as a new disease entity 
and to understand the underlying cytokine storm as ‘a co-morbidity of another con- 
current immunologic disease process’ (Cron RQ and Behrens EM, Preface). No sur- 
prise that I reflected on my first experience with this devastating disease: back in the 
early 1980s with a trainee in Belgrade, former Yugoslavia, I looked after a dramati- 
cally sick young girl with very active systemic juvenile idiopathic arthritis (sJIA) 
who developed florid Epstein-Barr virus (EBV) infection—not that I knew at the 
time, of course, but only realised decades later that she was dying from macrophage 
activation syndrome! 

Paradoxically, some of the challenges looming on the horizon may be directly 
induced by the unprecedented progress presented in this book. The precise genetic 
diagnosis [3, 13] may precipitate the ‘information storm’, and finding the right way 
out may not be easy. What is the actual clinical diagnosis of a complex phenotype 
including HLH features caused by multiple gene mutations defining different clini- 
cal entities [14]? What is the best management plan for asymptomatic children with 
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underlying HLH confirmed by gene mutation (e.g. healthy siblings of a patient) 
[15]? The progress nevertheless continues, both in understanding the pathogenesis 
[3—5, 16] and in approaching the management [8, 11, 12] of CSS, irrespective of the 
numerous possible underlying causes. 


Mario Abinun mario.abinun @ncl.ac.uk 


Department of Paediatric Immunology, Great North Children’s Hospital 
Newcastle Upon Tyne Hospitals NHS Foundation Trust 
Newcastle upon Tyne, UK 


Primary Immunodeficiency Group, Institute of Cellular Medicine 
Newcastle University 
Newcastle upon Tyne, UK 
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Preface 


‘The beginning of knowledge is the discovery of something we do not understand’. 


— Frank Herbert 


Cytokine storm syndromes (CSS) are some of the scariest clinical scenarios for 
clinicians, patients, and their families. Many patients with CSS are in multi-organ 
system failure requiring intensive care, and mortality can be quite high. First and 
foremost, however, is the recognition of the CSS. The earlier the recognition of CSS 
and the earlier the treatment, the better the outcome. Unfortunately, CSS is frequently 
not recognized at all or until late in the process when therapy is less effective. 

There are many aetiologies for poor recognition of CSS. Many clinicians, par- 
ticularly of older generations, have never even heard of CSS. It was first described 
in the medical literature in 1952, with only 3 publications on the topic in the 1950s, 
1 in the 1960s, and less than 20 in the 1970s. Thus, CSS is a relatively recently 
described phenomenon with over 6000 PubMed citations in a relatively short time 
frame (Fig. 1). Moreover, as it has been described by many different investigators in 
unique fields of study, CSS has many largely overlapping differently named entities. 
CSS, also referred to as cytokine release syndrome, is the systemic expression of a 
vast array of inflammatory mediators that impact the body as a whole. CSS is asso- 
ciated with hemophagocytic syndromes, including hemophagocytic lymphohistio- 
cytosis (HLH). HLH is often divided into primary, or familial, and secondary, or 
acquired or reactive, forms of HLH. The genetic distinction between familial 
(fHLH) and secondary HLH (sHLH), however, is being blurred by the recognition 
in SHLH patients of contributory heterozygous mutations in genes also responsible 
for fHLH when they are present as homozygous or compound heterozygous muta- 
tions. Moreover, sHLH can result from infectious, oncologic, and rheumatic trig- 
gers, where it is termed macrophage activation syndrome (MAS). Thus, the current 
CSS nomenclature is partly responsible for its poor clinical recognition. 

Another important clinical concept is that CSS is not a diagnosis of exclusion. 
Rather, it is often a co-morbidity of another concurrent immunologic disease pro- 
cess. Although a trigger of CSS is sometimes never identified, CSS is often the 
result of an underlying inflammatory disease with or without a recognized trigger 
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CSS/MAS/HLH Publications by Year 


1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 


Fig. 1 Citations of CSS/MAS/HLH by year. PUBMED publication numbers (Y axis) reported by 
calendar year (X axis) by searching, “cytokine storm syndrome OR macrophage activation syndrome 
OR hemophagocytic lymphohistiocytosis OR haemophagocytic lymphohistiocytosis” 


(often infectious). Thus, one can have bacterial sepsis and CSS on top of the infec- 
tion. Similarly, a child with systemic juvenile idiopathic arthritis (sJIA) can have a 
severe flare of disease activity with or without associated CSS (MAS). This is also 
true of leukaemia or lymphoma, for which a subset of patients will have coincident 
CSS. In addition to diagnoses with a propensity to develop CSS (e.g. sJIA, T-cell 
leukaemia), various infections, particularly herpes virus family members such as 
EBV, are common triggers in these settings. Indeed, otherwise healthy individuals 
may also develop CSS after infection. Therefore, the astute clinician must be alert 
to the possibility of CSS in a variety of clinical scenarios, particularly in those 
strikingly ill febrile individuals. 

Recently, attempts have been made to provide clinicians with diagnostic and 
classification criteria for CSS. HLH criteria are the most well-known, but the revi- 
talized 2004 HLH criteria, while excellent for diagnosing fHLH, are often too 
restrictive and untimely for many of the CSS presenting as sHLH. In response, cri- 
teria have been proposed for recognizing CSS among some of the more commonly 
associated disorders, such as sJIA and systemic lupus erythematosus. While these 
criteria perform better than the 2004 HLH criteria in diagnosing CSS (MAS), they 
are specific to each disease for which they were generated and studied/validated. To 
overcome this lack of broad utility, the HScore was developed to recognize CSS 
associated with any form of sHLH. These criteria, while potentially broadly appli- 
cable, are rather cumbersome. Perhaps, simpler but less specific approaches, such as 
prolonged fever and hyperferritinemia, will serve as better screens with maximal 
sensitivity followed by additional testing which may then be employed to confirm 
the diagnosis following the initial suggestive findings. 
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CSS involve a broad array of clinicians, from emergency room doctors to inten- 
sivists, both paediatric and adult, to many in between. CSS, such as HLH, are often 
under the auspices of haemato-oncologists and bone marrow transplant physicians, 
particularly those cases associated with cancer, as well as those requiring bone 
marrow transplantation (familial HLH). Similarly, rheumatologists often care for 
those afflicted by secondary HLH CSS. Paediatric rheumatologists frequently treat 
MAS in children with sJIA, systemic lupus erythematosus (SLE), and Kawasaki 
disease, whereas adult rheumatologists recognize MAS in SLE, adult Still disease, 
and other forms of chronic arthritis. As infection, particularly herpes virus family 
members, often triggers CSS, infectious disease experts need to be aware of their 
role in identifying infectious agents and treating the underlying infection. Other 
subspecialists may also run across CSS in their patient populations, including neo- 
natologists (fHLH), immunologists (immunodeficiencies), gastroenterologists 
(inflammatory bowel disease), cardiovascular surgeons (CSS associated with car- 
diac bypass circuit), geneticists (certain metabolic disorders), and others. Thus, 
educating physicians as a whole to the existence, diagnostic tools, and therapies 
available for CSS is critical. 

Similarly, a broad array of research scientists, from immunologists to geneticists 
to cell biologists to pathologists to haematologists, all have and continue to contrib- 
ute to a broader understanding of CSS pathogenesis. The works in murine models 
and human cells have often mirrored each other’s findings. Much of the work has 
centred around genetic defects in the perforin-mediated cytolytic pathway employed 
by cytolytic CD8 T lymphocytes and natural killer cells in infants with fHLH 
(Fig. 2). The recognition of heterozygous defects in fHLH genes in many sHLH 
patients has expanded the potential roles of these mutations acting in dominant- 
negative or hypomorphic fashions to contribute to CSS. In addition, whole genome 
sequencing is also identifying mutations in non-exonic regulatory regions of fHLH 
genes in CSS patients. As the immune system has evolved not only to fight infection 
but also to regulate overexpansion of lymphocytes, defects in cytolysis of antigen- 
presenting cells (APC) can result in prolonged engagement between the cytolytic 
lymphocyte and the APC, resulting in a pro-inflammatory CSS. However, it would 
be a disservice and dangerous to assume that defective cytolysis is the only explana- 
tion for CSS physiology. Innovative, new work has demonstrated that beyond the 
perforin-mediated cytolytic pathway defects, there are other mechanisms which can 
result in similar cytokine storms (e.g. inflammasomopathies, autoinflammatory dis- 
eases), resulting in the end-common pathway of CSS. Many of these processes 
result in increased expression of common pro-inflammatory cytokines [e.g. inter- 
leukin-1 (IL-1), interferon-gamma (IFN-y), IL-6, tumour necrosis factor (TNF), 
IL-18] that have been implicated in various aspects of the CSS and the resulting 
organ system failure that ensues. 

As the cytokine storm itself appears to be responsible for much of the pathology 
in fHLH, sHLH (including MAS), and other forms of CSS, treatment aimed at 
dampening the pro-inflammatory cytokine storm is crucial for improving patient 
survival. Depending on the underlying illness, associated infections, genetic bur- 
den, and severity of the CSS, a variety of therapeutic approaches have evolved. 


xvi Preface 








nay je . 
L-18 @ page Ss IL-18R 


IFNy 
G y elas 


d Vesicular Protein 
P ~~, Sorting 


IL-33/ST2 






Inflammasome ere Sane Qi 
Amano : E ae R STXBP2 
e> ae STX11 
ee Perforin® ! | 
| NEE PRF] KE Ea ® Ee. 
Priming JX ® Docking 
MUNC13-4 RABI7a 
Antigen Presenting Cytotoxic 
Cell Lymphocyte 


Fig. 2 Model of HLH pathogenesis. Depicted is a schematic summarizing some of the major 
mechanisms thought to lead to IFNy production during HLH. Antigen presenting cells display 
peptide/MHC I complexes to the T-cell receptor of a CD8+ cytotoxic T lymphocyte. This results in 
a signal to produce and secrete IFNy as well as a signal to activate the release of perforin and 
granzyme B. Release of perforin and granzyme B requires the coordination of a number of gene 
products to successfully accomplish sorting of these proteins to the correct vesicle, polarization of 
these vesicles to the immune synapse, docking of the vesicle with the plasma membrane, and prim- 
ing and fusion of the vesicle. Loss of function of any of the genes required for this process (listed 
in italics underneath each function) results in the inability of perforin to reach the antigen present- 
ing cell. Perforin normally would form a pore in the antigen presenting cell, allowing granzyme B 
to reach the cytoplasm and induce apoptosis, killing the cell and thereby eliminating further anti- 
gen presentation, stimulation of the CD8+ cytotoxic lymphocyte, and continued IFNy production. 
In the absence of functional perforin capability, this does not happen and unchecked IFNy produc- 
tion leads to disease manifestations. Increasingly, non-perforin related activities are being recog- 
nized as critical for this process as well, including the IL-1 family members IL-1B, IL-18, and 
IL-33. Genetic constitutive activation of the NLRC4 inflammasome leads to overproduction of 
IL-16 and IL-18, with IL-18 in particular leading to the secretion of IFNy. IL-1 in other circum- 
stances, such as Systemic Juvenile Idiopathic Arthritis, has been noted to be potentially part of 
disease progression. IL-33 has recently been established as being required in addition to T cell 
receptor signaling for the production of pathogenic IFNy in HLH 


Broadly, immunosuppressive approaches aimed at dampening the immune system 
and/or preparing for bone more transplant have been employed. These include che- 
motherapeutic agents, such as etoposide, lymphocyte targeting (e.g. cyclosporine), 
and high-dose corticosteroids. These therapies often deplete the immune system 
functionally and in numbers and, thus, increase the risk of secondary infections. 
Recently, the advent of biologic agents which target cytokines has led to alternative 
approaches to broadly immunosuppressive therapy. IL-1 blockade has proved use- 
ful in many sHLH patients, particularly those with sJIA, and IL-6 inhibition has 
proven valuable in cytokine release syndrome triggered by CAR-T cell therapy for 
refractory leukaemia. Clinical trials are currently exploring approaches to treat CSS 
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by blocking IL-1, IL-18, or IFN-y. As infections agents are frequent triggers of 
CSS, treatment of any underlying infection is also critical to help abate the CSS. This 
therapy may include antibiotics, antivirals, B-cell depletion of EBV-infected cells, 
and intravenous immunoglobulin. A host of other approaches, including plasma- 
pheresis, T-cell depleting agents, and downstream inhibitors of cytokines (e.g. JAK 
inhibitors), are also being explored in treating CSS. The information in this text- 
book is designed to provide the reader with the fundamental basic and applied clini- 
cal science that represents the current state of the art in treating the various 
populations that develop CSS. We hope that with continued advancement, the not 
too distant future will entail not just these general principles but a truly personalized 
medicine approach to treat CSS. We look forward to the possibility of future edi- 
tions of this work that will be able to outline all of the wonderful new advancements 
we believe are sure to come with the continued dedication of the physicians and 
scientists working on these issues. 


Birmingham, AL, USA Randy Q. Cron 
Philadelphia, PA, USA Edward M. Behrens 
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Part I 
Background 


History of Hemophagocytic A 


Lymphohistiocytosis ea 


Gritta E. Janka 


First Descriptions 


Hemophagocytic lymphohistiocytosis (HLH) is a severe cytokine storm syndrome 
(CSS) which was described in its primary, familial form (pHLH) in 1952 by 
Farquhar and Claireaux as “haemophagocytic reticulosis” [1]. Interestingly, hemo- 
phagocytosis, which gave HLH its name was not present during life in the two sib- 
lings but was found at autopsy only. Nevertheless, until not long ago 
hemophagocytosis was considered a sine qua non for the diagnosis of HLH. 

Thirteen years earlier a clinical picture typical for HLH (fever, hepatospleno- 
megaly, cytopenias, and widespread histiocytic infiltration on autopsy) had been 
described in adults by Scott and Robb-Smith under the term “histiocytic medullary 
reticulosis’” (HMR) [2]. Eight of these cases were later reviewed with more refined 
histological techniques. Five patients were found to have had malignant lympho- 
mas; four were of T cell origin [3]. Lymphomas are now a well-known cause for 
secondary HLH (sHLH). 

Another form of sHLH associated with viral infections (virus-associated hemo- 
phagocytic syndrome [VAHS]) was described in 1979 by Risdall and coworkers [4]. 
Interestingly, their cohort not only included adults under immunosuppression but 
also some children who may have had primary (familial) HLH (pHLH). Subsequent 
reports by other investigators linked sHLH to various infectious agents, including 
bacteria, protozoa, and fungi, though viruses, especially herpes viruses remain the 
most common trigger. The majority of Epstein—Barr virus-associated cases of HLH 
have been reported from Asia. The reason for this susceptibility remains mysterious 
to date. 
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Risdall et al. emphasized that the histological picture in sHLH is distinct from 
malignant histiocytosis. Not all authors agreed, and the first case of sHLH due to 
Leishmania was published under the title “Systemic Leishmaniasis Mimicking 
Malignant Histiocytosis” [5]. Until the 1980s, malignant histiocytosis was consid- 
ered a true histiocytic malignancy. Nearly all cases could later be reclassified as 
neoplasm of lymphoid origin, now called large-cell anaplastic lymphoma. 

Since then, the list of conditions predisposing to the development of HLH has 
expanded, including metabolic diseases, other rare inborn immune defects, acquired 
immune deficiencies such as AIDS, and iatrogenic immunosuppression. The HLH- 
like picture in autoinflammatory/autoimmune diseases is usually called macrophage 
activation syndrome (MAS), a special subset of sHLH. pHLH is a rare disease with 
an estimated incidence of 1:50,000 live births [6]. Secondary forms are far more 
frequent. Between the first description of pHLH in 1952 and the turn of the century, 
PubMed lists only about 200 publications on HLH. Since then this syndrome has 
rapidly gained increased attention resulting in about 4600 additional publications of 
which more than 75% appeared in the last 10 years. 


First Personal Experience 


My first encounter with HLH was in the 1970s with four children of one family, 
three of whom died in early infancy [7]. The parents and an older sibling were 
healthy. The babies had unexplained high fever, hepatosplenomegaly, and cytope- 
nias, the characteristic triad of HLH. The first child went from a cellular marrow to 
bone marrow aplasia after weeks of uncontrolled fever; lacking a better alternative 
at that time the final diagnosis was aplastic anemia. When the second child devel- 
oped the same symptoms it became evident that this must be an inherited disease. 
Abundant histiocytes in the bone marrow and a liver biopsy prompted a search in 
the huge medical index called Index Medicus—a painstaking effort at a time when 
Internet research was far away. The search led to the publication by Farquhar and 
Claireaux. Since in their second patient a temporary remission was obtained with 
adrenocorticotropic hormone, our patient was treated with prednisolone. However, 
only some minor and transient improvement was achieved. When the third baby 
showed the same symptoms the family refused treatment but had the generosity to 
allow diagnostic procedures including a bone marrow aspirate and spinal tap, the 
latter showing a lymphocytic pleocytosis and increased protein level—my first 
encounter with central nervous system (CNS)-HLH. Unfortunately, no material was 
stored; thus, one can only speculate as to the type of genetic defect in this family. 
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Terminology 


Various terms for pHLH were initially used such as familial reticulosis, lymphohis- 
tiocytic reticulosis, familial erythrophagocytic lymphohistiocytosis, familial histio- 
cytosis, generalized lymphohistiocytic infiltration and others. After the first review 
on pHLH in 1983, which included 121 cases from the literature and 6 of my own 
cases [8], the term hemophagocytic lymphohistiocytosis was adopted by most 
authors. There has been some recent discussion whether to use a different name for 
HLH which takes into account that HLH is a severe hyperinflammatory syndrome 
and that lymphocytes (T cells) are not an absolute necessity for the syndrome to 
develop. However, as yet no consensus has been reached. sHLH is often called mac- 
rophage activation syndrome (MAS), especially in internal medicine. Pediatricians 
agree to reserve the term MAS for HLH in autoinflammatory/autoimmune 
diseases. 


First HLH Symposium and Foundation of the FHL Study 
Group 


Initially, there were only few pediatricians and pathologists who were interested in 
HLH. Through a colleague who had worked in Paris, I gained access to a doctoral 
thesis on pHLH (“histiocytose familiale”) from Alain Fischer’s group in which 
eight cases were described. Parts of it were later published [9]. The pathologist’s 
description was presented by Christian Nezelof from Paris and Julio Goldberg, a 
visiting pathologist from Argentina. [10]. Another group led by Jan-Inge Henter in 
Stockholm had started to thoroughly investigate all Swedish cases. A third group, 
represented by Maurizio Arico and Roberto Burgio, who also had a general interest 
in histiocytosis, finally organized a first international workshop on HLH in Pavia in 
1988. One year later, the FLH (pHLH) Study Group was founded as a part of the 
international Histiocyte Society which had existed since 1985. FHL Study Group 
founding members were Maurizio Aricó, Goran Elinder, Blaise Favara, Jan-Inge 
Henter, Gritta Janka, Diane Komp, Christian Nezelof, and Jon Pritchard; at the HLH 
protocol meeting in 1994, several additional members joined. 

In 1991, the FHL Study Group presented the first diagnostic guidelines for HLH 
[11]. The suggested diagnostic criteria consisted of five clinical and laboratory 
items which were easy to ascertain and which gained wide acceptance. 
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State of Knowledge Before Study HLH-94 


When the first international HLH study started in 1994, the knowledge about HLH 
was still quite limited. It was evident that there were familial (genetic) and second- 
ary forms; the latter due to infections or malignancies. However, the distinction 
between pHLH and infection-associated HLH was not possible when the family 
history was blank, since children with pHLH were found to have viral infections as 
well [8, 12]. Involvement of the central nervous system (CNS) was recognized as a 
serious complication; the common appearance on autopsy was that of “leptomenin- 
gitis, but parenchymal lesions were described as well [13]. With long-term sur- 
vival, cognitive and psychosocial sequelae due to CNS involvement have now 
become a major concern in children with HLH [14]. CNS-HLH is still poorly 
understood, and treatment options are limited [15]. 

Although high levels of cytokines and soluble interleukin-2 receptor alpha chain 
[16-18] suggested uncontrolled activity of macrophages and lymphocytes, the eti- 
ology and pathogenesis of HLH remained elusive for a long time. Various, but 
inconsistent, immunological abnormalities were reported initially. The general 
assumption that HLH must be an immunodeficiency was finally confirmed by a 
profound deficit in natural killer (NK) cell activity [19]. Impaired NK cell activity 
had already previously been described in two immune deficiencies with partial albi- 
nism, namely, Griscelli syndrome (GS-2) and Chédiak—Higashi syndrome (CHS). 
GS-2 and CHS are frequently complicated by HLH and are now counted among the 
primary forms of HLH. 

Study HLH-1994 could fall back only on limited experience regarding therapy of 
HLH. Various measures had been tried, such as splenectomy, exchange transfu- 
sions, corticosteroids, and cytotoxic drugs, but the prognosis of pHLH was dismal; 
only four children with prolonged survival had been reported in the first review [8]. 
A promising agent seemed to be the epipodophyllotoxin derivate, etoposide (VP- 
16), which produced longer remissions but could not prevent reactivations, includ- 
ing CNS relapses [20]. The efficacy of VP-16 combined with steroids and CNS 
directed therapy could be confirmed by other groups [7, 21]. Treatment with chemo- 
therapy or immunotherapy, however, was only able to reverse disease activity for 
some period but was not curative in familial cases. Thus, it was a big step forward 
when the first patient receiving a hematopoietic stem cell transplant (HSCT) from 
his HLA-identical sibling remained free of disease without therapy [22]. 

There was another promising approach from a single institution with anti- 
thymocyte globulin (ATG), corticosteroids, and cyclosporin A [23] which, however, 
was not considered for the large international study due to less general experience 
with ATG and inferior availability. 
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HLH-94 Study 


Between July 1994 and December 2003, study HLH-1994 recruited 249 patients 
fulfilling inclusion criteria from 25 countries. The protocol included an initial inten- 
sive therapy with dexamethasone and etoposide for 8 weeks. Dexamethasone was 
chosen due to its better penetration into the cerebrospinal fluid (CSF). Intrathecal 
methotrexate therapy was recommended for patients with progressive neurological 
symptoms and/or persisting CSF abnormalities. For patients with familial, persis- 
tent, or relapsing disease, continuation therapy, with cyclosporin A and periodic 
etoposide and dexamethasone pulses until HSCT, was recommended. Interim 
results were published in 2002 [24]. In the final report at 6.2-years median follow- 
up, probability of survival was 54% [25]. This was a very gratifying result, although 
at least about 20% of the patients must have had non familial disease, as evident 
from reactivation-free survival in 49 children without HSCT. Death was due to poor 
response to treatment within the first 8 weeks, reactivations before HSCT (median 
time to HSCT 6.1 months), and complications after HSCT, mostly due to the toxic- 
ity of myeloablative conditioning. 

The second international study, HLH-2004, was based on the HLH-94 protocol 
with only few changes: Cyclosporin A was added up front, and intrathecal therapy 
was supplemented by corticosteroids. The revised diagnostic criteria also included 
impaired natural killer cell activity, a hallmark of the disease, hyperferritinemia, and 
increased levels of soluble interleukin-2 receptor alpha chain [26]. The results of 
study HLH-2004 have recently been published, reporting a 62% 5-year probability 
of survival [27]. 


Advances in Understanding HLH 


Genetics 


The description of the first genetic defect in pHLH [28] revolutionized our under- 
standing of the pathogenesis of HLH. Previously, linkage analysis in a Pakistani 
family had revealed a putative disease gene on chromosome 9 [29]; thus, pHLH due 
to mutations in the Perforin (PRF1) gene was called FHL-2. Perforin, a component 
of cytolytic granules in cytotoxic cells is critical for the access of proteolytic 
enzymes to the target cell to initiate apoptotic death. Perforin is released into the 
immunological synapse between effector and target cell by cytolytic granules which 
traffic to the contact site, dock, and fuse with the plasma membrane. Notably, the 
cytotoxic effector response not only targets infected cells but also antigen-presenting 
cells (APCs). Elimination of APCs is an important negative feedback for the immune 
response. The identification of perforin deficiency as cause of pHLH showed the 
importance of this protein for controlling and terminating the immune response. 
The failure to contract the immune response in patients with pHLH explains the 
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persistently high cytokine levels which are responsible for the symptomatology. 
Later, another critical role for perforin, which is immune surveillance, became evi- 
dent from temperature-sensitive missense mutations where residual protein activity 
was present. These mutations were associated with late-onset pHLH and the occur- 
rence of lymphomas or leukemia [30]. 

Within the next 10 years, three additional genetic defects for pHLH were 
described; all were found to also impair granule-dependent cytotoxic function. The 
genes are UNC/3D (FHL-3) [31], SyntaxinI1 (FHL-4) [32], and STXBP2 (FHL-5) 
[33, 34]. In addition, mutations in Griscelli syndrome (RAB27A) and Chédiak— 
Higashi syndrome (LYST) were found to also affect the cytolytic granule pathway of 
cytotoxic cells, and present as pHLH. Another rare disorder of lysosomal traffick- 
ing, Hermansky—Pudlak syndrome type 2 (HPS2), has only a low risk of developing 
HLH. Additionally, X-linked lymphoproliferative (XLP) disease types 1 and 2 were 
noted to have a high risk for developing HLH, particularly in the setting of EBV 
infection. Despite the fact that the XLP mutations do not affect the cytolytic path- 
way, they are now counted among the primary forms of HLH. 

Disease onset and severity in primary forms of HLH are highly variable, depend- 
ing on the gene involved and the type of mutation, determining complete or only 
partial loss of protein structure and function. When age at onset was taken as a sur- 
rogate marker for disease severity in patients with predicted severe protein impair- 
ment, FHL-2 patients had the earliest onset followed by GS-2, FHL-4, and CHS 
[35]. In FHL-5, patients with missense or splice-site mutations differ markedly in 
age of onset and presence of diarrhea, an atypical newly described symptom [36]. 
There are still a small number of patients with absent degranulation, indicative for 
biallelic mutations in the cytolytic pathway, but no mutation in the known genes. 

Classical cases of pHLH are either autosomal recessive with biallelic mutations 
(FHL2—-5, GS, CHS, and HPS) or hemizygous as in XLP-1 and XLP-2. Digenic 
inheritance with mutations within PRF/ and a degranulation gene or within two 
genes of the degranulation pathway has also been described [37]. Reports on hetero- 
zygous mutations in patients with HLH have appeared with increasing frequency. 
They were found to have only reduced but not completely absent perforin expres- 
sion or degranulation [38]. This suggests that these patients either have other 
unknown genetic factors outside the cytolytic pathway or environmental factors 
contributing to the development of HLH. It has to be emphasized that parents or 
heterozygous siblings of patients with pHLH typically do not show signs of 
HLH. Heterozygous carriers are accepted as donors for HSCT. 


Mouse Models 


Mouse models, created for pHLH and sHLH, have largely contributed to our under- 
standing of how the genetic defects could be responsible for the aberrant immune 
response in HLH. Studies in perforin-deficient mice, infected with LCMV, have 
shown that activated CD8 T cells and interferon-y (IFNy) production play a central 
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role in the pathogenesis of HLH. HLH could be prevented by neutralization of IFNy 
[39]. This was confirmed also for Rab27a deficient mice [40]. In the PRF defi- 
ciency mouse model, the therapeutic effect of etoposide involved deletion of acti- 
vated T cells [41]. Polyclonal T cells are activated in both pHLH and sHLH [42], 
and INFy is increased [16, 17]. However, the pathogenesis of HLH does not always 
involve T cells; patients with severe combined immunodeficiency and T cells <1000/ 
uL can develop HLH, as well [43]. Activation of T cells as a prerequisite for HLH 
was also not required in a mouse model with a normal genetic background where 
repeated toll-like receptor 9 stimulation produced an HLH-like picture [44]. Innate 
immune stimulation may be an important pathway to develop HLH in patients with- 
out a cytotoxic defect. 

A recent study in mouse and human cytotoxic cells demonstrated that failed tar- 
get cell killing, leading to a prolonged synapse time, greatly amplifies cytokine 
secretion by NK cells and cytotoxic lymphocytes. Of note, blocking caspase in the 
target cell, important for the extrinsic pathway of apoptosis, phenocopied perforin 
deficiency regarding prolonged synapse time. This could be an explanation for 
SHLH in viral infections and malignancies since virus-infected or transformed cells 
often have defects in their apoptotic machinery [45]. 

The clinical and laboratory symptoms of HLH can all be explained by hypercy- 
tokinemia and organ infiltration by activated lymphocytes and histiocytes [46]. 
Macrophages secrete plasminogen, which is cleaved into plasmin, mediating fibri- 
nolysis. A recent investigation in a murine model showed plasmin to be also an 
important regulator for the influx of inflammatory cells and the production of 
inflammatory cytokines leading to HLH [47]. 


Advances in HLH in Adults 


Although the first cases of HLH had been described in adults [2], it took a long time 
until HLH received adequate interest in internal medicine. HLH was commonly 
regarded as are rare pediatric syndrome, and HLH patients outside of pediatric cen- 
ters have been at high risk of not being diagnosed. Only recently, case reports and 
larger case series [48] of HLH in adults have been published with greater frequency. 
The recognition that mutations in HLH-relevant genes are also found in adults in a 
substantial number of patients [49] has further increased interest. Nevertheless, in 
most countries, a network of experts, as is present in pediatrics, is missing, although 
there is even a registry in one country (www.hlh-registry.org). Thus, HLH in adults 
is still very likely underdiagnosed. 

The majority of HLH cases in adults are secondary to infections and malignan- 
cies; a smaller number is due to autoimmune diseases [48]. The true incidence of 
genetic cases is not known; mutations in these patients allow for residual protein 
expression and hence partially preserved cytotoxic function. There are no separate 
diagnostic criteria for HLH in adults. Usually the HLH-2004 criteria [26] or a 
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recently developed score, the HScore [50], is used. Treatment of HLH in adults is 
challenging since older patients have a diminished hematopoietic reserve and may 
have comorbidities which limit treatment intensity. Lymphomas, often occult, have 
to be ruled out vigorously before treatment. Recommendations for the management 
of HLH in adults have been published [51]. 


Advances in Diagnostics 


Diagnosis of HLH is based on a set of diagnostic and laboratory parameters; no 
single parameter, including hemophagocytosis, is sufficiently specific for HLH. 
pHLH and sHLH cannot be distinguished by these parameters, including NK cell 
activity. Differentiation between genetic and secondary forms, however, is crucial 
for early organization of a stem cell transplant. In 2012, a joint collaboration 
between five European countries showed that degranulation assays, a measure 
quantifying lytic granule exocytosis, were a reliable tool to identify patients with 
mutations in the cytolytic pathway [52]. In combination with intracellular measure- 
ment of perforin, SAP (XLP-1), and XIAP (XLP-2), also obtained by flow cytom- 
etry, this approach can give guidance whether a genetic analysis should be performed 
and a transplant should be prepared. A diagnostic algorithm how to proceed in 
patients with HLH has been proposed [53]. Recently, perforin and degranulation 
testing were shown to be superior to measurement of NK cell function for screening 
patients for genetic HLH [54]. Unfortunately, these assays have been established in 
larger HLH centers only and require rapid transport of material. Additionally, 
repeated testing may be necessary with equivocal results. In the future, with increas- 
ingly more rapid and less costly genetic testing, these functional assays may eventu- 
ally be replaced by mutation analysis although functional testing will remain 
important as our knowledge of the entire genetic landscape of HLH remains incom- 
plete. Moreover, a blurring of the distinction between pHLH and sHLH has been 
noted for patients with complete [55] or partial dominant-negative [56] heterozy- 
gous mutations in known HLH-associated genes. 


Developments in Therapy 


Stem Cell Transplantation 


Like in other immunodeficiencies, HSCT is the only curative treatment for pHLH. In 
the absence of a suitable related or unrelated donor, haploidentical transplantation 
or cord blood HSCT constitute alternatives [57]. Post-transplant mortality after 
myeloablative conditioning (MAC) was high with a survival probability of only 
49-64% in larger studies [58]. Liver (mainly veno-occlusive disease) and lung 
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problems were leading causes of death. It was important to learn that sustained 
remissions could be achieved in all patients with a donor chimerism >20% [59]. In 
line with this, in the PRF'/ mouse model either a mixed hematopoietic or CD8 T cell 
chimerism of ~10—20% was sufficient for reestablishment of immune regulation 
[60]. The introduction of reduced-intensity conditioning was a big step forward; 
more than 80% of patients with pHLH can now be expected to survive HSCT [58, 
61]. An increased incidence of mixed chimerism can be seen after RIC condition- 
ing. In a large retrospective study from 23 bone marrow transplant centers, the pro- 
tective effect of >20% donor cells against late reactivations could be confirmed. 
Interestingly, there were five patients living reactivation-free for 1.1—10 years 
(median 5.1) with <10% donor cells [62]. 

Whereas in XLP-2, HSCT should be reserved for patients with severe disease, 
there is a general indication for HSCT in patients with XLP-1, even before first 
exposure to EBV [57]. These patients not only have life-threatening EBV-associated 
HLH but also progressive hypogammaglobulinemia, and the risk of developing 
lymphomas. 

Although HSCT should be reserved for patients with pHLH, there are some 
patients with EBV-associated HLH who may need a transplant. In a survey from 
Japan, fourteen pediatric patients with sHLH due to EBV were collected who failed 
HLH-2004 therapy and underwent HSCT [63]. Since such transplants were also 
successful with autologous stem cells, cells from an identical twin, and with graft 
failure, resetting of the adaptive immune response was suggested as mechanism for 
success, rather than replacement of a genetically defective immune system [63]. 


New Therapies 


Etoposide-based treatment can currently be regarded as the standard of care for 
HLH. Two studies conducted in North America and Europe evaluated the combina- 
tion of ATG, dexamethasone, and etoposide. The studies have been closed; results 
are not published yet. A French study is currently evaluating the role of the mono- 
clonal anti-CD52-antibody alemtuzumab as first line treatment. Another promising 
approach is therapy with an anti-IFNy antibody, which is currently tested in a phase 
M/M study. Recently, two groups used several mouse models to show that ruxoli- 
tinib, a Janus kinase inhibitor was not only successful in preventing [64] but also in 
treating manifest HLH [65]. As yet there are only two case reports in humans [66, 
67]. A review on salvage therapy of HLH identified alemtuzumab as the only drug 
with data in a larger number of patients. A partial response was achieved in 14 of 22 
patients [68]. Plasma exchange, a very old method, has received renewed interest 
[69]. It may still be of value, especially when therapy with etoposide is not possible 
due to renal failure. An interesting approach is cytokine absorption which has been 
successfully applied in some adult patients with HLH [70]. Specific targeting of 
pro-inflammatory cytokines, including IL-1, IL-6, and tumor necrosis factor is also 
being explored as therapy for CSS [71, 72]. 


12 G. E. Janka 
Open Questions And Outlook 


Our knowledge of HLH has increased rapidly within the last 20 years. However, our 
understanding is still incomplete, and many questions remain. Just to name a few: 
What other genes in the degranulation pathway are involved? What activates the T 
cells in children with pHLH where no readily identifiable infectious organism is 
found? What are the pathogenetic mechanisms of sHLH? Why do some genetic 
defects have a higher likelihood of CNS-HLH? Is there a place for drugs with good 
penetration into brain tissue such as thiotepa in refractory CNS disease? Why do 
some patients respond so poorly to frontline chemoimmunotherapy? Can efficacy 
and toxicity of frontline therapy be improved with the newer drugs? What compen- 
satory mechanisms prevent recurring HLH in some patients with graft failure? 
Which patients in the ICU with severe hyperinflammation, fulfilling HLH criteria, 
could profit from immunosuppressive therapy? 

HLH is no longer a disease of marginal existence but is increasingly being rec- 
ognized as an important and dangerous syndrome. New drugs as supplement or 
substitution in initial therapy will hopefully improve response rates and long-term 
results. Gene therapy is presently being explored in animal models of HLH but will 
take time until introduction into the human setting. 
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The aim of this chapter is to present an overview of the history of macrophage acti- 
vation syndrome (MAS) or secondary hemophagocytic lymphohistiocytosis (HLH). 

In 1952, Farquhar et al. first described a familial disease that was clinically char- 
acterized by fever, hepatosplenomegaly, skin rash, lymphadenopathy, and central 
nervous system (CNS) involvement. Laboratory investigation showed a pancytope- 
nia, alow ESR, abnormal liver function tests (LFTs), an abnormal prothrombin time 
(PT), and an abnormal cerebral spinal fluid examination (CSF) [1]. They termed this 
syndrome familial hemophagocytic reticulosis (FHR). The term was later changed 
to familial hemophagocytic lymphohistiocytosis (FHLH) and then just hemophago- 
cytic lymphohistiocytosis (HLH). In 1997, the HLH Study Group defined primary 
HLH and secondary HLH. Both illnesses were characterized by activation of the 
mononuclear phagocytic system. Secondary HLH included virus-associated hemo- 
phagocytotic syndrome (VAHS) [now called infection-associated hemophagocytic 
syndrome (IAHS)], malignancy-associated hemophagocytic syndrome (MAHS), 
and HLH following prolonged intravenous nutrition, including administration of 
soluble lipids (fat overload syndrome). There was no mention of rheumatic diseases 
as a cause of secondary HLH [2]. HLH criteria were further updated in 2004, and 
these are the criteria that are currently used [3]. 


Secondary HLH 


In 1939, Scott et al. described four patients with HLH and reviewed five patients 
found in the literature. These patients were described as having “atypical Hodgkin’s 
disease.” The patients had the following clinical features in common: fever, wasting, 
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generalized lymphadenopathy, and hepatosplenomegaly with jaundice and purpura. 
Laboratory investigations showed anemia, thrombocytopenia and marked leukope- 
nia. Post-mortem examination revealed hyperplasia of histiocytes throughout the 
lymphoreticular tissue, and, importantly, there was evidence of profound erythro- 
phagocytosis by histiocytes. The cellular proliferation with active phagocytosis was 
most prominent in the medullary portion of node, spleen, and periportal areas of 
liver. The authors therefore termed this syndrome histiocytic medullary reticulosis 
(HMR) [4]. Even as late as 1973, a large review of histiocytic disorders still referred 
to HMR as a malignancy and felt it was a ‘well differentiated form of reticulum cell 
sarcoma’ [5]. It was not until 1979 that Risdall et al. introduced the term viral- 
associated hemophagocytic syndrome (VAHS) to differentiate HMR from malig- 
nant histiocytic disorders. It should be noted however, that 5 out of 19 patients 
described did not have a documented, or any evidence of, infection at the time of 
diagnosis of VAHS [6]. Despite this and other publications, even as late as in 1984 
HMR was still occasionally called a malignant disorder, although the term “reac- 
tive” was beginning to gain usage [7]. It soon became recognized that his syndrome 
was associated with multiple hematologic malignancies as well as viruses (reviewed 
in [8]). However, the term macrophage activation syndrome (MAS) was not coined 
until 1993. 


MAS in Rheumatic Diseases 


Difficulty in Diagnosis of MAS in Rheumatic Diseases 


The term MAS appears to be used only when secondary HLH is associated with an 
autoimmune disease and has led to confusion in terminology and diagnosis. 
Furthermore, it can be difficult to be sure of the diagnosis of secondary HLH in 
autoimmune diseases (MAS) as a result of the great overlap of the clinical and labo- 
ratory features between HLH and the underlying autoimmune disease. This is likely 
because activation of the immune system, including macrophages, is characteristic 
of autoimmune disease while the diagnostic criteria for HLH were based on the dif- 
ferentiation of this disease entity from other diseases of histiocytes rather than from 
patients with chronic activation of the immune system as seen in autoimmune dis- 
eases. Therefore, absolute levels of many of the diagnostic features may not be 
relevant in patients with autoimmune diseases. Furthermore, the criteria have not 
been validated in either pediatric or adult cases of MAS [9]. This was first recog- 
nized in patients with systemic juvenile idiopathic arthritis (sJIA) [10] but also 
applies to patients with other autoimmune diseases including systemic lupus ery- 
thematosus (SLE) which is frequently associated with levels of both soluble inter- 
leukin-2 receptor (sIL-2R) and ferritin (both part of the diagnostic criteria of HLH) 
within levels in the diagnostic criteria of HLH, while fibrinogen is often not below 
HLH diagnostic levels. The latter observation is likely the result of the elevation of 
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baseline fibrinogen levels, as it is an acute phase reactant. Similarly, triglycerides 
maybe elevated in patients on corticosteroids. By contrast, elevated liver function 
tests (LFTs), generalized lymphadenopathy, hypoproteinemia, hyponatremia, and 
decreased HDL in MAS are frequently seen although only considered supportive of 
the diagnosis of HLH according to 2004 criteria [3]. 


MAS in Juvenile Idiopathic Arthritis (JIA) 


The first use of the term “activated macrophages” in patients with what we now 
refer to as SJIA was in 1985 by Hadchouel et al. [11]. They described seven patients 
who developed sudden onset of fever with altered level of consciousness bleeding 
and hepatosplenomegaly. Laboratory investigations showed a fall in fibrinogen, 
hemoglobin, white blood cell count, platelets, and ESR with increased fibrin split 
products, and LFTs. In three patients, it was following a second injection of gold 
(vide infra), while in the other 4 there was either evidence of a recent infection, non- 
steroid anti-inflammatory drug (NSAID) use, or no known cause. Liver biopsy 
showed evidence of diffuse Kupffer cell hyperplasia. Many of the Kupffer cells 
contained ceroid or lipofuscin pigments but were without evidence of “excessive 
phagocytosis” and no erythrophagocytosis. Bone marrow examination in two 
patients showed large macrophages with phagocytosed material but no erythropha- 
gocytosis. They concluded that the main histological feature was macrophage acti- 
vation and hypothesized that these activated macrophages secreted enzymes that 
lead to the clinical picture. The first published paper which used the term macro- 
phage activation syndrome in its title was in 1993 [12]. This paper described four 
patients with childhood-onset rheumatic diseases who clinically had fever, hepato- 
splenomegaly, pancytopenia, low ESR, abnormal LFTs, and hypofibrinogenemia. 
Bone marrow aspiration showed active hemophagocytosis. In two patients, there 
was evidence of high levels circulating cytokines. In 1994, it was then proposed that 
activated macrophages can lead to this syndrome, including the low fibrinogen and 
increased fibrin degradation products commonly seen in these patients [13]. 
Although these papers referred to the above defined MAS as a disease entity, 
previous publications described patients with sJIA who had this clinical syndrome. 
However, the authors used different names to describe the clinical and laboratory 
findings in these patients. It is likely that the first report was in 1971. This paper 
described seven patients with abnormal LFTs accompanied by a fall in ESR, plate- 
lets, hemoglobin, and/or white blood cell (WBC) count. Many of the patients had 
a new-onset macular rash which was different from the rash of sJIA and/or 
increased adenopathy, and/or hepatosplenomegaly. It is likely that at least some of 
these patients had MAS. In one patient each, the clinical syndrome was present a) 
shortly following diagnosis; b) following second injection of gold; and c) with 
concomitant EBV infection [14]. The next reports were not until 1983 when two 
papers appeared that described patients with sJIA who developed a picture of dis- 
seminated intravascular coagulation (DIC)/consumptive coagulopathy [15, 16]. 
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Silverman et al. described seven patients with sJIA who had a fall in hemoglobin, 
platelet count, fibrinogen, and ESR with elevated LFTs, PT, and/or PTT, and fibrin 
split products. In two patients, this clinical picture occurred following the second 
injection of gold salts, while in the other five it was either at presentation or during 
a time of disease flare. In two patients, this syndrome recurred [16]. The other 
paper, by De Vere-Tyndall et al., described two patients with sJIA who developed 
a fall in hemoglobin, platelet count, ESR, with elevation of PT/PTT, fibrin degra- 
dation products, and evidence of active bleeding. In one patient, it followed a third 
injection of gold and in the other following an infection [15]. A paper from 1985 
reported a patient with sJIA who developed what appears to be MAS during an 
episode of chickenpox. A bone marrow aspiration was reported as showing histio- 
cytic medullary reticulosis (hemophagocytosis). The final diagnosis was VAHS 
[17]. In the same year, a patient with sJIA developed the clinical syndrome of 
MAS during a Coxsackie infection. Bone marrow aspiration showed hemophago- 
cytosis, and the patient was reported to have histiocytic medullary reticulosis [8]. 
sJIA is now the most commonly cited cause of MAS and classification criteria 
have been proposed [18], although systemic lupus erythematosus (SLE) in MAS 
may account for more patients in total (see below). 

Although MAS in patients with JIA is most commonly seen in patients with 
sJIA, it has also been described in other JIA subtypes [19]. 


MAS in Systemic Lupus Erythematosus (SLE) 


Despite the recognition of MAS as early as 1985 in sJIA and in adult-onset Still 
disease (AOSD), it was until 1991 that the first recognized case of MAS in patients 
with SLE was described in the literature [20]. However, in 1979, Risdall et al. 
described a case of virus-associated MAS in a patient with SLE [6]. The reason for 
this late recognition in SLE 1s likely for two reasons: (1) As described above, there 
are many overlapping clinical and laboratory features of SLE and MAS; and (2) 
Unlike sJIA patients, SLE is known to have a significant mortality even at presenta- 
tion. However, since then, there have many cases series and large cohorts of patients 
with both childhood-onset SLE (cSLE) and adult-onset SLE (aSLE) [21]. 

In adults, SLE is the most common rheumatic disease leading to MAS, and most 
reviews report that SLE is responsible for the majority of cases of MAS in adult rheu- 
matic diseases (described below). The incidence of MAS in aSLE has been reported 
to be between 0.9 and 4.6% [22]. A report from France in 2017 reported 89 patients 
with aSLE and MAS [23]. A review of the literature of MAS in patients with rheu- 
matic disease showed that the most common reported cause was sJIA with SLE sec- 
ond. However, similar to what is seen in aSLE, in our hospital, we see more cases of 
MAS secondary to SLE than sJIA (unpublished data), although others have reported 
that MAS occurs more frequently in sJIA than cSLE [24]. In childhood, MAS has 
been associated with Kikuchi’s disease with and without associated SLE [25]. 
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MAS in Kawasaki Disease (KD) 


The first reported case in the literature of MAS secondary to KD appeared in a 
1995 article that described a 32-month-old boy from Japan who developed HPS 
during KD that was resistant to treatment. It is interesting to note that this patient 
had elevated interferon-gamma (IFN-y) levels at the time of MAS but not earlier 
during the course of his KD [26]. A systematic review of MAS in KD, as of 
September 2016, reviewed 67 cases of MAS in the literature, and two reported new 
cases. The first four case reports suggested that MAS occurred late following the 
diagnosis of KD (range 20-24 days after onset first symptom) and following failure 
of IVIG treatment (2—5 courses). The systemic review demonstrated that in KD, 
MAS either preceded (6%) or was simultaneous with KD presentation (21%). The 
initial observation that MAS in KD tended to be in older children was confirmed in 
a systemic review, as 34/69 KD patients were >5 years old [27]. Similar to what has 
been described in other causes of MAS, mild MAS may be seen in KD, and, in fact, 
Choi suggested that all patients with refractory KD should be considered to have 
‘occult? MAS [28]. A systematic review of MAS in rheumatic disease patients in 
2012 reported that in 6% of patients MAS was associated with KD [29]. Conversely, 
MAS occured in 1.9-4.7% of KD patients [30, 31]. In 2016, it was suggested that 
HLH criteria may not be a good indicator of MAS in KD and suggested the possi- 
bility of testing the MAS using sJIA 2016 MAS criteria [32]. 


MAS in Adult Rheumatic Diseases 


The first patient with adult rheumatoid arthritis (RA) with MAS was described in 
1977 [33]. Interestingly, although the authors concluded it was HMR presenting 
as RA, the patient had a 4-year history of joint pains, but at the time of presenta- 
tion the patient developed pancytopenia, a fall in ESR, hepatosplenomegaly, and 
generalized lymphadenopathy, and died. Postmortem examination of lymph 
nodes, liver, and spleen revealed histiocytic infiltrate with marked erythrophago- 
cytosis. By 2007, 11 cases secondary to RA had been reported in the Japanese 
literature [34]. A review of 30 cases of MAS in adults showed that it occurred in 
order of frequency: SLE—18 cases, ASOD—3 cases, and 2 cases each in patients 
with RA, polymyositis/dermatomyositis (PM/DM), systemic sclerosis (SSc), and 
Sjögren syndrome (SS), and one case in a patient with vasculitis [35]. MAS has 
also been reported in adults with polyarteritis nodosa, mixed connective tissue 
disease, pulmonary sarcoidosis, Goodpasture disease, Behcet disease, granuloma- 
tosis with polyangiitis, and ankylosing spondylitis [29, 36—38]. It has been pro- 
posed that the EULAR/ACR/PRINTO classification criteria for MAS can be used 
in AOSD [39]. 
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As MAS was first recognized in rheumatic diseases in sJIA, the initial treatment 
was dictated by the treatment of sJIA and included steroid, high dose oral or pulse, 
and IVIG. If this failed, then treatment was either initiated with HLH 1994 (mostly 
etoposide) or cyclosporine alone [40, 41]. By the early 2000s, the drug of choice for 
patients who failed steroid and IVIG therapy was cyclosporine [42], although other 
authors reported success with anti-TNF agents [43]. Calcineurin inhibitors (cyclo- 
sporine or tacrolimus) remain alternatives in patients who fail or are dependent on 
high doses steroids and IVIG. A key to the use of a calcineurin inhibitor is likely its 
earlier introduction. In the mid-2000s, other therapies included the use of anti- 
thymocyte globulin [44, 45] or monoclonal anti-CD25 antibodies [46, 47], but these 
therapies are not routinely used. Currently, many investigators suggest that IL-1 
inhibition, in particular, anakinra, with its short half-life, is the drug of choice when 
a calcineurin inhibitor does not control the MAS or is contra-indicated [48—51]. 
However, the doses of anakinra that are required to control MAS may exceed the 
standard daily dose, and more frequent dosing may be required [51, 52]. There is at 
least a theoretical word of caution for the use of IL-1 inhibition in SLE patients with 
MAS as blocking the IL-1-TNF (Thl pathway) may lead to production of Th2 
cytokines which have been implicated in the pathogenesis of SLE. This issue 
remains to be resolved. 

In resistant cases, treatment with the HLH-2004 protocol should be considered. 
Hematologists who treat patients with HLH are frequently involved in the treatment 
of patients with MAS. They tend to advocate the use of dexamethasone rather than 
prednisone and the early use of the HLH-2004 protocol for steroid/[VIG failures. 
The rationale for the use of dexamethasone over prednisone is that dexamethasone 
penetrates the CSF better than prednisone and patients with HLH frequently have 
CNS involvement. Certainly, when CNS involvement is seen in patients with MAS 
then dexamethasone should be used but its routine use in MAS is not as clear. There 
have not been any studies that compare prednisone to dexamethasone in MAS. The 
use of the HLH-2004 protocol and, in particular, the use of etoposide is frequently 
advocated by hematologists and resisted by rheumatologist because of its signifi- 
cant immunosuppressive properties and the potential for the development of malig- 
nancy [3]. Patients treated with etoposide are at high risk for sepsis, including 
invasive infection with opportunistic organisms leading to death. However, severe 
unresponsive MAS also leads to death. The current protocol at our institution is the 
use of IVIG and high dose prednisone, including pulse methylprednisolone, with 
the early introduction of a calcineurin inhibitor. If response is unsatisfactory, then 
the rapid introduction of anakinra is advocated with escalating doses and decreasing 
time between doses to get a rapid response to avoid the requirement for life-support. 
The requirement for admission to an intensive care unit is associated with a poor 
prognosis, and all attempts should be made to prevent this, including the consider- 
ation of the use of the HLH-2004 protocol. 
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Newer, more specific therapies directed against other cytokines may available in 
the future. A mouse model of MAS showed there was a significant upregulation of 
the interferon-gamma (IFN-y) pathway. Mice were treated with an anti-IFN-y anti- 
body showed a significant improvement in survival which was associated with a 
significantly decreased level of circulating chemokines, CXCL9 and CXCL10, and 
downstream pro-inflammatory cytokines [53]. In patients with active MAS and 
other secondary for types of HLH, levels of IFN-y and of IFN-y-induced chemo- 
kines were markedly elevated during times of active MAS. Furthermore, in patients 
with sJIA and active MAS, these levels were higher than in patients with active sJIA 
without MAS [54]. 

A second cytokine, interleukin-18 (IL-18), which is upstream of IFN-y, may also 
be important in the pathogenesis of MAS, and blocking its action may be another 
potential therapeutic target. As early as 2001, elevated levels of IL-18 were found in 
patients with active AOSD [55]. A mutation in the NLRC4 gene leads to infantile 
enterocolitis and recurrent MAS, which is associated with increased production of 
IL-18, and treatment with recombinant IL-18 binding protein (IL-18BP) was asso- 
ciated with resolution of MAS [56, 57]. Furthermore, it was shown that very high 
serum IL-18 levels were associated with the development MAS in patients with 
sJIA [58]. In the CpG-treated IL-18BP(—/—) mouse model of MAS, levels of IFN-y 
and IFN-y -associated chemokines were significantly increased as compared to 
wild-type mice, and the use of IL-18BP decreased the severity of both MAS and the 
IFN-y response [59]. 


Animal Models 


Animal models can be useful to suggest important pathogenic mechanism of human 
disease and to test potential therapies. I will briefly review the history of animal of 
HLH and MAS. 

In 2004, Jordan et al. developed a murine model of HLH by infecting a perforin- 
deficient (pfp—/—) mouse strain with lymphocytic choriomeningitic virus (LCMV). 
These mice had multiple clinical and histologic features of HLH. There was evi- 
dence of activated CD68+ macrophages and elevated levels of both IFN-y and, to a 
lesser extent, IL-18. Depletion experiments showed that CD8+ T cells secreting 
IFN-y were required for the development of the HLH-like syndrome and death [60]. 
This model was used to demonstrate that perforin is required for the functioning of 
a reciprocal interaction between CD8+ T cells and dendritic cells, whereby antigen- 
primed DCS activate T cells, while primed CD8+ T cells suppress DC function (T 
cell activation) [61]. An animal model of familial HLH type4 (FHL4) has also been 
developed in a Stx11-deficient mouse. This model was used to show the importance 
of T-cell exhaustion as an important factor for determination of disease severity in 
HLH [62]. The generation of doubly or triply heterozygous for mutations in HLH- 
associated genes (perforin, Rab27a, and syntaxin-11) demonstrated that the accumu- 
lation of multiple monoallelic mutations increased the risk of developing HLH [63]. 
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The results of this study suggest that double heterozygotes for HLH genes may 
develop HLH. 

The development of animal models for secondary HLH or MAS has been less 
successful. Models using either repeated stimulation of TLR9 or chronic typhoid 
fever have been less helpful in gaining insights in HLH/MAS [64, 65]. However, the 
mouse model using repeated stimulation of TLR9 was used to show the importance 
of tissue levels of IFN-y, and that CXCL9 and CXCL10 blood levels were impor- 
tant, and that neutralization of tissue IFN-y correlated with CXCL9 and CXCL10 
blood level normalization [66]. A CMV model of secondary HLH developed only a 
mild phenotype, and depletion of CD8+ T cells could not inhibit or cure the HLH- 
like syndrome [67]. More promising was the development of EBV-associated 
hemophagocytic lymphohistiocytosis (EBV-HLH) in a human CD34+ cell- 
transplanted humanized mouse model [68]. 

In two different murine models of HLH, JAK1/2 inhibitor or anti-IFN-y antibody 
treatment prevented full-blown HLH when given after the development of disease 
[69, 70]. In the CMV-prf—/— model, treatment with IL-18 binding protein (BP) 
decreased hemophagocytosis and reversed liver as well as spleen damage and cyto- 
kine production by CD8+ T and NK cells [71]. Although these results are encourag- 
ing, there have not been clinical trials of these treatments undertaken in MAS. 


Genetics 


The history of the genetics of HLH began as early as 1999 [72]. Subsequently, auto- 
somal recessive defects in PRF1, UNC13D, STXI11, and STXBP2 genes were 
shown to be responsible for types 2, 3, 4, and 5 types of primary or familial HLH 
(FHL). These four genes are important in perforin-mediated lymphocyte cytotoxic- 
ity. Similarly, autosomal recessive mutations in RAB27A and LYST genes were 
shown to lead to secondary HLH seen in Griscelli syndrome type 2 (GS2) and 
Chédiak—Higashi syndrome (CHS). Patients with X-linked lymphoproliferative dis- 
ease and mutations in SH2D1A or XIAP will frequently present with secondary 
HLH that is often triggered by Epstein—Barr virus (EBV) infection (reviewed [73]]). 
Monogenic mutations leading to macrophage activation and autoinflammatory dis- 
ease have been associated with MAS. One example is a defect in the NLRC4 inflam- 
masome that leads to an early onset systemic inflammatory disease with MAS [74]. 
MAS had been seen in multiple auto-inflammatory diseases, including cryopyrin- 
associated periodic syndrome, mevalonate kinase deficiency, familial Mediterranean 
fever, and tumor necrosis factor receptor-associated periodic syndrome [75]. 

Testing of FHL-associated genes in patients with sJIA has shown that there is an 
increased frequency of heterozygous, but not homozygous, mutations patients with 
a history of MAS as compared to those without a history of MAS [76-79]. These 
mutations were associated with decreased perforin gene expression and/or function 
[79]. Similarly a heterozygous mutation in the perforin gene was found in a patient 
with adult RA who died of MAS [73]. 
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The recognition and understanding of MAS pathophysiology has come a long 


way in the last several decades. New diagnostic criteria and the availability of agents 
targeting inflammatory cytokines should help survival of patients with rheumatic 
diseases who go on to develop MAS. The future is looking more encouraging for 
these patients, in terms of preventing fatal outcomes. 
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Syndrome ERTAN 
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Introduction 


Cytokine storm syndrome (CSS) is a severe life-threating condition characterized 
by a clinical phenotype of overwhelming systemic inflammation, hyperferritinemia, 
hemodynamic instability, and multiple organ failure (MOF), and 1f it is untreated, it 
can potentially lead to death. The hallmark of CSS is an uncontrolled and dysfunc- 
tional immune response involving the continual activation and expansion of lym- 
phocytes and macrophages, which secrete large amounts of cytokines, causing a 
cytokine storm. Many clinical features of CSS can be explained by the effects of 
proinflammatory cytokines, such as interferon (IFN)-y, tumor necrosis factor (TNF), 
interleukin (IL)-1, IL-6, and IL-18 [1-7]. These cytokines are elevated in most 
patients with CSS, as well as in animal models of CSS [8, 9]. A constellation of 
symptoms, signs, and laboratory abnormalities occurs that depends on the severity 
of the syndrome, the underlying predisposing conditions, and the triggering agent. 

Various infectious and noninfectious diseases have a causal relationship with 
CSS. Hemophagocytic lymphohistiocytosis (HLH) is a representative hyperinflam- 
matory disease characterized by uncontrolled cytokine storm. HLH is classified as 
either primary (PHLH) or secondary HLH (sHLH) based on their etiology and 
pathogenesis. pHLH is an autosomal recessive, monogenic disorder caused by loss- 
of-function mutations in genes involved in the cytotoxic function of natural killer 
cells and CD8* T lymphocytes. sHLH is a similar clinical syndrome but lacks a 
known genetic basis. sHLH occurs in the context of an underlying immunological 
condition, including malignancy, infection, or autoimmune or autoinflammatory 
disease. sHLH associated with autoimmune or autoinflammatory disease is called 
macrophage activation syndrome (MAS). 
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CSS is a life-threatening disease; therefore, a timely and prompt diagnosis is 
essential to initiate life-saving treatment. Early recognition of the syndrome is 
essential for the selection of an appropriate therapeutic intervention in a timely fash- 
ion. Therefore, CSS should be considered in patients with unexplained and atypical 
symptoms suggesting MOF. 


Clinical Manifestations in CSS 


pHLH frequently occurs in patients aged <4 years, whereas sHLH may present in 
older patients. However, both pHLH and sHLH may present at any age. The com- 
mon clinical features of CSS are sustained fever, splenomegaly, hepatomegaly with 
liver dysfunction, lymphadenopathy, coagulopathy, cytopenia, skin rash, and vari- 
able neurologic symptoms. The initial symptoms of CSS are nonspecific, with either 
acute or subacute (1—4 weeks) clinical presentation. CSS can affect all organ sys- 
tems. Table 1 shows the clinical features indicating a diagnosis of CSS. Many of 
these features are seen in patients with severe systemic sepsis, pHLH, and sHLH as 
phenotypes of hyperinflammatory reactions. The clinical features of CSS may be 
difficult to distinguish from those of the underlying diseases and may vary from 
disease to disease (Table 2) [10-18]. Awareness of the disease associations and 
highly suspecting CSS in patients with some of the clinical features are critical to 
the diagnosis of CSS. Each feature alone is nonspecific; however, the combination 
of clinical signs and symptoms and laboratory abnormalities, their severity, and 
changes over time facilitates correct diagnosis. 

Sustained fever is a cardinal feature of CSS, which is usually high-grade 
(>38.5 °C), prolonged, and unresponsive to anti-infective treatment. For example, in 
patients with systemic juvenile idiopathic arthritis (s-JIA)-associated MAS, the type 
of fever changes from daily spiking fever to continuous unremitting fever once 
MAS develops. Rapid weight loss may also occur. 

As a manifestation of macrophage and T-lymphocyte proliferation and activation 
in the reticuloendothelial system, peripheral lymphadenopathy is seen in 17—51.4% 
of patients and is not always evident on physical exam [10-18]. Splenomegaly is 
seen in 27.2—-98% of patients [10-18]. Reported hepatomegaly is also quite vari- 
able, ranging from 18.8% to 94% of patients [10-18]. Hepatosplenomegaly is usu- 
ally progressive and is accompanied with severe liver dysfunction. Liver involvement 
may manifest as jaundice and portal hypertension. The elevation of aspartate ami- 
notransferase (AST) and lactate dehydrogenase (LDH) levels, which is almost 
always observed in patients with CSS, does not only reflect hepatic injury but also 
represents systemic tissue damage induced by cytokines, such as TNF. AST levels 
are usually higher than alanine aminotransferase levels. Creatinine kinase levels are 
also often elevated in patients with CSS as a result of the tissue damage. In addition, 
hypoalbuminemia, hyponatremia, and high direct bilirubin level are often observed 
in association with tissue edema caused by capillary leakage. 
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Table 1 Clinical and laboratory features of cytokine storm syndrome 


System Clinical manifestations | Laboratory findings 


General Fever Elevated C reactive protein 


Fall in erythrocyte sedimentation rate 


i) nnn Elevated soluble interleukin 2 receptor 
Hematological Leukopenia 


Anemia 
Thrombocytopenia 
Hemophagocytosis in bone marrow aspiration 
Hyperferritinemia 

Skin 

Respiratory Acute respiratory distress 

Cardiac Ss 

Renal ee Acute kidney injury 

Gastrointestinal Transaminitis 
Elevated bilirubin 
Hypoalbuminemia 
Elevated ammonia 
oe) eee Elevated triglycerides 

Central nervous system Pleiocytosis in cerebrospinal fluid 


Table 2 Comparison of clinical features in each cytokine storm syndrome 


Clinical features SLEMAS |EBVHLH 
Fever 96.9-100% | 100% 
Hepatomegaly 18.80% 87.8% 
Splenomegaly 27.2-56.3% | 64.3% 
Lymphadenopathy 31.30% 50.0% 
CNS involvement 36.90% 18.4% 
Hemophagocytosis in the bone marrow 92.7% 
References [16] 


Cytopenia likely results from multiple causes. Some have implicated depression 
of hematopoiesis and others hemophagocytosis in the bone marrow as mechanisms, 
but none have truly been established as the cause of cytopenia. Most all patients 
with CSS have anemia, which is usually non-regenerative. Serum chemistry find- 
ings may suggest hemolysis, with hyperbilirubinemia and elevated LDH level. 
Thrombocytopenia is almost consistently present, occurs early in the course of CSS, 
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and is usually profound. Leukopenia is less common, less severe, and occurs later in 
the course of the disease. In some reports, three of every four patients with CSS 
have pancytopenia and all have bicytopenia [8, 19]. 

Hemophagocytosis in bone marrow aspirate is a hallmark of HLH/ 
MAS. Hemophagocytosis may not be observed in the initial stage of HLH/MAS 
and may evolve subsequently. However, hemophagocytes are not essential in the 
diagnosis of HLH/MAS and can be seen in patients with juvenile arthritis without 
overt MAS [20]. In addition, hemophagocytes are commonly found in a wide vari- 
ety of CSS, including sepsis, and following bone marrow transplant [21, 22]. Thus, 
hemophagocytosis is not pathognomonic for CSS, being neither highly sensitive nor 
specific for the diagnosis. 

Coagulopathy with elevated fibrin degradation products and d-dimer are often 
observed even in the absence of overt disseminated intravascular coagulation (DIC), 
indicating subclinical endothelial dysfunction. In patients with CSS, disruption of 
the homeostasis of endothelial function by angiopoietin-1 and -2 has been reported 
[23, 24]. High levels of plasminogen activator secreted by macrophages stimulate 
plasmin and cause hyperfibrinolysis [25]. Consequently, plasma fibrinogen levels 
decrease. Hypofibrinogenemia is present at diagnosis in approximately two-thirds 
of the patients [26]. Fibrinogen as an acute phase protein is usually increased in 
febrile illness. Therefore, a fibrinogen level below the normal range in a child with 
fever for several days may indicate CSS. A falling erythrocyte sedimentation rate 
(ESR), as a result of decreasing fibrinogen from consumption, in the setting of a 
rising C-reactive protein is common in CSS. Some have even suggested that the 
ratio of ferritin divided by the ESR can be used to identify MAS/CSS [27]. In addi- 
tion, consumption of complement proteins can be seen in MAS/CSS [28]. DIC is a 
very important predictor of MOF development and when this occurs, it is associated 
with high mortality [29-32]. 

Many other organs may also be involved. Skin manifestations are seen in 
approximately 20-65% of the patients and are commonly in the form of transient 
maculopapular, nodular, or purpuric lesions [33]. Cases of erythroderma in patients 
with CSS have also been described [34]. Pulmonary involvement is frequent (in 
approximately 40% of the patients), and symptoms can include cough, dyspnea, 
and respiratory failure [35], especially in cases triggered by respiratory viruses. 
Pulmonary infiltrates are found in 20-30% of the patients [36]. Gastrointestinal 
symptoms are found in approximately 20% of the patients. Symptoms can include 
diarrhea, nausea, vomiting, and abdominal pain, with specific presentations includ- 
ing gastrointestinal hemorrhage and ulcerative bowel disease [35]. Acute pancre- 
atitis can be also complicated because of severe hypertriglyceridemia. Cardiac 
involvement occurs less frequently. A case of an infant with HLH with severe tran- 
sient left ventricular pseudohypertrophy, likely caused by interstitial edema fol- 
lowed by increased vascular permeability, has been reported [37]. Furthermore, a 
patient with Epstein—Barr virus (EBV )-associated HLH complicated with myocar- 
ditis and coronary artery aneurysm has also been reported [38]. Renal dysfunction 
including acute kidney injury (AKI) as a part of multiple organ dysfunction, 
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nephrotic syndrome, and mild proteinuria has been reported in patients with HLH 
[39-42]. The most frequent renal manifestation is AKI. Aulagnon et al. reported 
that AKI occurred in 62% of patients with HLH [39]. Six-month survival of patients 
with AKI was lower (37%) compared with 56% in those without AKI. Most 
patients showed stage 2 or 3 AKI, and dialysis was required in 59% of them [39]. 
AKI was due to acute tubular necrosis (49%), hypoperfusion (46%), tumor lysis 
(29%), or glomerulopathy (17%). Nephrotic syndrome (NS) was also present. 
Approximately 32% of surviving patients had chronic kidney disease. 
Glomerulopathy and NS complicating HLH result from primary podocyte pathol- 
ogy. It has been reported that the underlying lesions proven by kidney biopsy were 
collapsing focal segmental glomerulosclerosis, minimal change disease, and 
thrombotic microangiopathy [40, 41]. Renal failure during CSS is usually a later 
finding, reflective of multiorgan failure. 

Central nervous system (CNS) symptoms including coma, seizures, meningitis, 
encephalopathy, ataxia, hemiplegia, cranial nerve palsies, mental status changes, or 
simply irritability are commonly reported in patients with CSS [12, 35, 43]. These 
neurologic abnormalities are seen in up to 70% of patients at the time of diagnosis 
[12]. In severe cases, mechanical ventilation is required because of alterations in 
consciousness. Pleocytosis, increased protein, or both in the cerebrospinal fluid are 
observed in more than 50% of the patients [43]. On neurologic imaging studies, 
enhancing nodular parenchymal lesions, leptomeningeal enhancement, demyelin- 
ization, delayed myelination, parenchymal calcification, and atrophy have been 
reported and suggested to correlate with clinical symptoms [44]. Cases of patients 
with isolated CNS symptoms without accompanying systemic findings, which is 
known as cerebral HLH, have been reported [45, 46]. However, it is often challeng- 
ing to recognize cytokine storm in these patients. In addition, therapy may contribute 
to posterior reversible encephalopathy syndrome in a subset of CSS patients [47]. 

The clinical presentation of CSS is different in neonates compared with those in 
older patients [48]. Fever is commonly absent; therefore, coagulopathy, hepatomeg- 
aly, and cytopenia should raise suspicion of CSS in neonates. A neonate with pHLH 
presenting as isolated fulminant liver failure has also been reported [43]. In this case, 
it may be difficult to distinguish CSS from neonatal hemochromatosis, although 
patients with neonatal hemochromatosis do not usually have fever, cytopenia, and 
hypertriglyceridemia. 

Taken together, CSS constitutes a medical emergency at any age. Because of the 
nonspecific nature of its clinical presentation, this disease is often overlooked. The 
clinical findings in overt CSS are dramatic. Patients become acutely ill with persis- 
tent fever, mental status changes, splenomegaly, lymphadenopathy, hepatomegaly 
with liver dysfunction, easy bruising, mucosal bleeding, etc. These symptoms are 
closely related to precipitous fall in blood cell lines. Therefore, clinicians must 
highly suspect CSS in any patient with unexplained cytopenia and fever, so that 
appropriate testing can be rapidly conducted. It is important for physicians to recog- 
nize that CSS is not a diagnosis of exclusion and can occur in multiple settings (e.g., 
autoimmunity, cancer, infection). 
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Relationship Between Key Cytokines and Clinical Features 
of CSS 


Many features of CSS could potentially be explained by the known effects of proin- 
flammatory cytokines, including IFN-y, TNF, IL-18, IL-6, IL-10, and IL-18 [1-7]. 
The relationship between these key cytokines and characteristic clinical features of 
CSS are shown in Table 3. Fever and systemic illness is induced by IL-1, IL-6, 
IFN-y, and TNF-a. Cytopenia results from both hemophagocytosis in the bone mar- 
row and depression of hematopoiesis by IFN-y, IL-1B, and TNF [49]. TNF and 
IFN-y production contributes to macrophage activation, resulting in hemophagocy- 
tosis. Coagulopathy is associated with fibrin deficiency due to liver dysfunction, and 
DIC develops as a result of IFN-y and TNF overproduction. Liver dysfunction 
including cytolysis and cholestasis is frequently reported [6, 50]. IFN-y can contrib- 
ute to the development of cholestasis and also cause apoptosis and liver damage 
[51]. IFN-y elevation also leads to hypoalbuminemia [52]. AKI may be related to 


Table 3 Relationship Key cytokines | Clinical manifestations 
between key cytokines and IFN-y Haver 


clinical features of cytokine — 
storm syndrome Depression of hematopoiesis 

Hemophagocytosis 
Macrophage activation 
Disseminated intravascular coagulation 
Hypoalbuminemia 

TNF Fever 
Cachexia 
Depression of hematopoiesis 
Hypertriglyceridemia 
Liver injury 
Disseminated intravascular coagulation 
Hypoalbuminemia 
Hyperferritinemia 
Neurological symptoms 

IL-16 Fever 
Acute phase proteins 
Depression of hematopoiesis 
Hyperferritinemia 

IL-6 Fever 
Acute phase proteins 
Anemia 
Acute kidney Injury 
NK cell dysfunction 

IL-18 Liver injury 
NK cell dysfunction 
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excess nephrotoxic IL-6 [53]. Hypertriglyceridemia has been reported to be the 
consequence of inhibition of lipoprotein lipase by TNF [54, 55]. Serum ferritin 
elevation may be caused by IL-1 and TNF elevation [56]. Thus, proinflammatory 
cytokines can disrupt homeostasis of many organ systems. 

Immunologically, low or absent natural killer (NK) cell activity is a characteris- 
tic finding of HLH and is included as a criterion for its diagnosis [57]. Although the 
exact mechanism is still unknown, hypercytokinemia might be closely associated 
with NK cell dysfunction. IL-18 is a well-known stimulator of NK cell activity; 
however, a previous report has shown that high IL-18 plasma levels were signifi- 
cantly correlated with low NK cell activity in patients with MAS [58]. In a previous 
study, the response of NK cells to exogenous IL-18 was impaired in a patient, result- 
ing from defective phosphorylation of the IL-18 receptor [59]. These findings indi- 
cate that continuous high IL-18 levels together with other cytokines, such as IL-6, 
may induce over-activation or exhaustion of NK cells. Recently, IL-6 elevation has 
been shown to lower NK cell function by lowering perforin and granzyme expres- 
sion [60]. Reduced NK cell numbers and reduced cytotoxicity will lead to decreased 
killing of activated immune cells, thereby worsening the symptoms of HLH/ 
MAS. Moreover, defective cytolytic activity results in prolonged engagement 
between the lytic lymphocyte and the target cell, and subsequent increased cross 
talk yielding elevated proinflammatory cytokines responsible for the CSS clinical 
feature [61]. 

The clinical presentations of CSS, although broad, can be similar to the back- 
ground disease process; therefore, they may be difficult to distinguish from those of 
the underlying diseases. However, the cytokine release pattern may be different 
among patients with different backgrounds. Nevertheless, the clinical characteris- 
tics may bear a close resemblance [62]. For example, serum IL-18 levels in patients 
with s-JIA-associated MAS were significantly higher than those in patients with 
EBV-HLH or Kawasaki disease (KD). Serum IL-6 levels in patients with KD were 
higher than those in patients with EBV-HLH or s-JIA-associated MAS. Serum 
neopterin levels in patients with EB V-HLH were higher than those in patients with 
s-J[A-associated MAS or KD. Furthermore, a patient with systemic lupus 
erythematosus-associated MAS showed TNF dominant pattern [63]. These findings 
indicate that monitoring cytokine profile may be useful in differentiating back- 
grounds of patients with CSS. Future studies may also help identify broadly impor- 
tant elevated cytokines as biomarkers of disease in many associated forms of CSS. 


Conclusion 


The common clinical features of CSS are sustained fever, splenomegaly, hepato- 
megaly with liver dysfunction, lymphadenopathy, coagulopathy, cytopenia, skin 
rash, and variable neurologic symptoms. The clinical presentations of CSS can 
be similar to the underlying disease processes. Thus, CSS may be difficult to 
distinguish from the underlying diseases. Awareness of, and high suspicion for, 
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CSS in patients with some of the clinical features are critical to the diagnosis of 
CSS. Each feature alone is nonspecific; however, the combination of clinical 
signs and symptoms and laboratory abnormalities, their severity, and changes 
over time facilitates correct diagnosis. Ultimately, monitoring the cytokine pro- 
file may be useful in differentiating the backgrounds of patients with CSS, as 
well as tracking the disease course. 
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Flavia G. Rosado and Purva Gopal 


The laboratory diagnosis of cytokine storm syndromes (CSS), that is, hemophago- 
cytic lymphohistiocytosis (HLH) and macrophage activation syndrome (MAS), is 
often challenging. The laboratory features using routinely available tests lack speci- 
ficity, while confirmatory testing is available in only few laboratories in the 
USA. The disease mechanisms are still largely unclear, particularly in adults. In this 
chapter, the pathogenesis of the CSS, its associated laboratory findings, and recom- 
mended diagnostic strategies are reviewed. 


Pathogenesis 


The pathogenesis of the cytokine storm syndromes (CSS) is better understood in the 
primary (genetic, familial) types of this disease, in which there are known associ- 
ated genetic mutations. The mechanisms associated with other types of CSS are 
presumably similar, albeit less clearly defined [1]. It is based on an impaired func- 
tion of cytotoxic T-lymphocytes and natural killer (NK) cells, resulting in an inabil- 
ity of the immune system to clear the original antigenic insult. The persistence of 
this insult leads to a continued and uncontrolled release of cytokines, which mani- 
fests as the sepsis-like clinical picture characteristic of this disease [2]. 

In unaffected individuals, certain types of antigenic insults (e.g., intracellular 
pathogens) activate the T-helper cell 1 (Th1)-type of inflammatory response, in 
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which cell-mediated immunity predominates. This type of inflammatory response is 
characterized by high levels of interferon y (IFN-y), tumor necrosis factor (TNF), 
interleukin-18, interleukin-1, and interleukin-6. These cytokines are strong activa- 
tors of macrophages, involved in phagocytosis, and T-cells and NK-cells, effector 
cells containing cytotoxic granules. When T/NK-cells are activated through interac- 
tions with the target cells, their granules migrate and fuse with the cell membrane, 
and the cytotoxic molecules are released in the microenvironment [3]. 

Granzymes and perforin are the two main types of cytotoxic molecules. Granzymes 
are proteases that induce apoptosis by activating caspases that damage the membrane 
permeability of mitochondria leading to cell death. Granzymes also directly cause 
oxidative damage to intracellular pathogens [4]. Perforin is a protein that creates pores 
on the target cell cytoplasmic membrane leading to lethal osmotic instability and the 
delivery of granzyme B to trigger apoptosis of the target cell [5—8]. When this 
sequence of events is successful, macrophages phagocytize the cellular debris, the 


Table 1 Pathogenesis of cytokine storm syndromes 


Disease Mutation Potential mechanism Phenotype 
Familial HLH 
FHL1 Unknown | Potential locus on 
chromosome 9q23 
FHL2 PRF1 Deficiency of perforin HLH in childhood 
FHL3 UNC13-D | Impaired exocytosis 
FHL4 STX11 Impaired exocytosis 
FHLS STXBP2 Impaired exocytosis 


Primary immunodeficiency HLH 


Chediak—Higashi | LYST Dysregulation lysosome | Oculocutaneous albinism, 
trafficking immunodeficiency, HLH, 
neurologic symptoms 
Griscelli RAB27A _ | Dysregulation lysosome | Skin/hair hypopigmentation, 
Syndrome Type 2 trafficking immunodeficiency, HLH 
XLP1 SH2D1A_ | Activation of T/NK cells | Immunodeficiency, HLH 
(SAP) 
XLP2 (Duncan XIAP Antiapoptotic protein Susceptibility to EBV, EB V-HLH 
Disease) 
Secondary HLH 
Infections T-cell function 
suppression 
EBV, Herpes, 
CMV 
Malignancy T/NK cell dysfunction? 
T/NK cell 
lymphoma 
Macrophage Deficient secretion of 
activation perforin/inhibition of 
syndrome SAP gene 


XLP X-linked lymphoproliferative disorder, HLH hemophagocytic lymphohistiocytosis 
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triggering agent is removed, and the stimulus to inflammation subsides [1]. In con- 
trast, in individuals affected by the CSS, one of the steps above-described is defective, 
and clearing of the insulting trigger is not successful. The inflammatory stimulus 
persists, and the level of cytokines, particularly IFN-y and TNF, rises uncontrolled [3]. 
The causes of T/NK cell dysfunction vary according to the type of CSS, as discussed 
below and summarized in Table 1. 


Primary Hemophagocytic Lymphohistiocytosis 


Primary HLH encompasses familial HLH and HLH related to primary immunode- 
ficiencies. In the majority of the primary forms of HLH, T-cell/NK-cell function is 
impaired due to a mutation in genes involved in the release of cytotoxic granules. As 
a result, there is either decreased production of cytotoxic granules contents or defec- 
tive exocytosis of these granules [3]. 

Familial HLH (FHL) is a rare inherited autosomal recessive disease. They are 
subtyped into FHL1—5, according to the gene mutated. FHL2 and FHL3 account for 
the majority of the familial cases worldwide, while FHL4 and 5 occur more fre- 
quently in some ethnic groups in Turkey and Central Europe [9]. 

FHL1 is caused by a mutation in a yet unknown gene located on chromosome 
9q21 [10]. FHL2 is caused by a mutation in the perforin gene PRF/ resulting in low 
levels of perforin. FHL3 is caused by a mutation in the gene UNC/3D (also known 
as MUNC13-4) leading to an abnormal formation of microtubules and cytoskeleton 
proteins and ineffective granule exocytosis [11, 12]. In FHL4 and FHLS, mutations 
in genes STX// and STXBP2 (also known as UNCISB, or UNC18-2), respectively, 
cause defective granule exocytosis through a mechanism similar to that of FHL3 
[13-15]. Despite significant progress in identifying the genes that cause familial 
HLH, a number of patients presenting with primary HLH have no identifiable 
genetic alteration [16]. 

The primary immunodeficiencies more frequently associated with HLH are the 
rare Chediak—Higashi syndrome, Griscelli syndrome type 2, X-linked lymphopro- 
liferative disorder type 1 and type 2 (known as Duncan disease). Other rare types of 
primary immunodeficiency disease that have been reported in association with HLH 
include Hermanksy—Pudlak syndrome type 2 and XMEN syndrome [17]. 

Chediak—Higashi syndrome is caused by a mutation in the LYST gene, which is 
involved in the regulation of lysosome trafficking, including cytotoxic granule traf- 
ficking [9]. Impaired granule exocytosis in these patients affects not only T/NK cell 
function but also exocytosis of melanosomes and vesicles in neurologic synapses. In 
consequence, patients with this syndrome characteristically show oculocutaneous 
albinism and signs of neurologic dysfunction, in addition to a strong predisposition 
to HLH. In Griscelli syndrome type 2, a mutation in gene RAB27A also results in 
defective lysosome trafficking. These patients also show cutaneous hypopigmenta- 
tion and a characteristic silvery hair discoloration. In X-linked lymphoproliferative 
disorder (XLP) type 1, HLH occurs due to a mutation in SH2D/A gene (also known 
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as SAP gene), which is needed for normal activation of T and NK cells. In XLP type 
2, or Duncan disease, mutations in gene XJAP cause a defect in an antiapoptotic 
protein that appears to protect against Epstein Barr virus infections. Patients with 
Duncan disease are therefore prone to develop severe complications of Epstein Barr 
virus (EBV) infection, including development of EBV-related HLH [9]. 


Secondary Hemophagocytic Lymphohistiocytosis 


In the secondary forms of HLH, the mechanisms of disease are not well understood. 
Numerous conditions have been reported in association with HLH, and include a 
variety of infections, malignancies, immunosuppressive therapy, autoimmune dis- 
eases and others [3]. The wide range of associations with secondary HLH, the lack of 
specificity of the HLH diagnostic criteria, and the known overlap between HLH and 
systemic inflammatory response syndrome (SIRS) have raised the possibility of an 
HLH overdiagnosis in the literature [18]. Nevertheless, it is also possible that the 
associations are truly random, as they simply represent a triggering mechanism in 
individuals with an underlying susceptibility to HLH. Alternatively, SIRS is also 
known to inhibit NK-cell function and could itself lead to HLH in susceptible indi- 
viduals [19, 20]. In spite of this controversy, there are few secondary associations that 
appear to be more strongly associated with HLH than others. These include infec- 
tions by EBV and other herpesviruses (e.g., herpes simplex and cytomegalovirus), 
certain types of T/NK-cell lymphomas, and some autoimmune disorders [21, 22]. 

EBV most frequently infects B-cells and CD4-positive T-cells, but occasion- 
ally CD8-positive cytotoxic T-cells are also infected [23, 24]. In infected T-cells, 
the viral-encoded latent membrane protein 1 (LMP-1) inhibits SAP/SH2DIA 
gene expression, with impaired T/NK-cell function and an increased risk of 
HLH [23, 25-28]. EBV also promotes survival of infected T-cells by blocking 
apoptotic signaling through activation of nuclear factor-KB signaling pathway 
and TNF /TNF receptor 1 [29]. 

Many types of solid and hematologic neoplasms have been reported in associa- 
tion with HLH, yet the disease mechanisms are largely unclear. The most frequent 
association is seen with malignant neoplasms of T-cells and NK-cells and non- 
Hodgkin B-cell lymphomas [30]. 

Autoimmune and autoinflammatory diseases have been associated with develop- 
ment of a an HLH-like syndrome, known as macrophage activation syndrome 
(MAS), particularly in children with systemic-onset juvenile idiopathic arthritis 
(Still disease), Kawasaki disease, systemic lupus erythematosus, and seronegative 
spondyloarthropathies [31]. The pathogenesis is linked to the decreased expression 
of perforin gene and SAP gene described in these patients [31—33]. In addition, 
heterozygous mutations in know HLH-associated genes (e.g., PRFJ, MUNC13-4) 
have been associated with MAS in rheumatic diseases, and likely contribute to dis- 
ease pathology as in primary HLH [34-36]. 
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Patients with CSS show laboratory findings that are nonspecific and overlap with 
those of SIRS/sepsis [18]. The abnormalities included in the diagnostic criteria for 
HLH are cytopenias affecting least 2 lineages (anemia with hemoglobin <9 g/dL, or 
<10 g/dL for infants 1 month-old or less, thrombocytopenia of <100,000/uL or neu- 
tropenia <1000/uL), hypertriglyceridemia (>265 mg/dL), hypofibrinogenemia 
(<150 mg/dL), impaired NK cell activity, ferritin >500 ng/mL, elevated soluble 
CD25 (soluble IL-2 receptor alpha) by 2 standard deviations above age-adjusted 
reference values, and hemophagocytosis in bone marrow, liver, spleen, or other 
organs [3]. 

Ferritin is an acute phase reactant, and as such, is generally elevated in inflamma- 
tory responses of any type. However, in HLH, ferritin is elevated to levels higher than 
those expected in the majority of other inflammatory states. The majority of patients 
will show laboratory signs of liver dysfunction with mild to severe increase in liver 
enzymes (aspartate aminotransferase, alanine aminotransferase, gamma glutamyl 
transferase, and lactate dehydrogenase) and bilirubin. They also frequently show 
signs of consumptive coagulopathy with decreased fibrinogen and elevated D-dimers 
[37]. Hypertriglyceridemia may not be seen in the absence of liver disease [38]. 

In patients with neurologic symptoms, an analysis of the cerebrospinal fluid 
reveals a moderate increase in cell count and protein content in about 50% of pedi- 
atric cases [32]. Brain imaging studies may show vasogenic cerebral edema pre- 
dominantly in the posterior cerebral hemispheres, hypodense areas suggestive of 
necrosis, and basal ganglia abnormalities [39, 40]. 

In the setting of macrophage activation syndrome (MAS), the laboratory values 
may differ from those seen in HLH. For example, as patients with sJIA typically 
have a baseline level of anemia and hyperferritinemia, a more severe change in 
hemoglobin and ferritin levels needs to be considered for the diagnosis of MAS [41], 
42]. Moreover, the degree of cytopenia may be less pronounced, in part due to base- 
line leukocytosis [32, 42]. Similarly, baseline thrombocytosis may make it less 
likely to reach a threshold for thrombocytopenia. 


Hemophagocytosis 


The abnormal hemophagocytosis seen in HLH is characterized by an increase in 
number of phagocytizing macrophages containing intact cells, which can be red 
cells, white cells, platelets or hematopoietic precursors (Fig. 1). In addition to the 
bone marrow, hemophagocytosis may be identified in other hematolymphoid organs 
such as lymph nodes and spleen, as well as the liver, skin, lungs, meninges, and 
cerebrospinal fluid [43—46]. Nevertheless, hemophagocytosis is not pathognomonic 
for HLH or MAS, as it is only identified in approximately 60% of cases [47]. 
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Fig. 1 Bone marrow aspirate smear shows a macrophage with phagocytized neutrophil, red cells, 
and platelets. Fungal yeast forms are also seen (Wright-Giemsa stain, x1000) 





Fig.2 Bone marrow core biopsy with a lymphohistiocytic interstitial infiltrate. Hemophagocytosis 
may be difficult to appreciate without immunohistochemistry (H&E, x200) 


In the bone marrow, macrophages are accompanied by small reactive lympho- 
cytes, predominantly T-cells (Fig. 2). This process can be so pronounced that it 
may mask an underlying disease, such as a T-cell lymphoma [44]. In addition, bone 
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Fig. 3 Liver core biopsy shows portal lymphocytic infiltrate and endothelialitis of vein (H&E, 
x100) 


marrow biopsies may show granulocytic and erythroid hypoplasia, and variable 
degree of megakaryocytic hyperplasia [44]. The bone marrow may also show 
changes related to involvement by the triggering disease. For example, there may 
be an increase in immunoblast-type cells in a case of EBV infection, or granulomas 
may be present in fungal infections [44]. 

In the liver, there is typically Kupffer cell hyperplasia, and scattered macro- 
phages infiltrating the sinusoids. The associated lymphocytic infiltrate tends to be 
predominantly portal and periportal (Fig. 3) and consists of predominantly small 
cytotoxic CD8-positive T-cells. Both Kupffer cells and intrasinusoidal macrophages 
may display hemophagocytosis (Fig. 4). Bile duct injury and endotheliitis may be 
seen in some cases [48-50]. Lymph node and splenic involvement is characterized 
by a similar CD8-positive lymphohistiocytic infiltrate that involves the nodal and 
splenic sinuses [50, 51]. In the skin, the infiltrate may be superficial and perivascu- 
lar or may extend to the subcutaneous adipose tissue [52]. 


Pathophysiology 


The majority of the SIRS-like symptoms seen in the cytokine storm syndromes are 
attributed to the high levels of cytokines seen in these patients [53]. The cytokines 
IFNy and TNF are strong activators of macrophages, which then proliferate uncon- 
trolled and infiltrate, along with activated lymphocytes, hematopoietic organs such 
as liver, spleen, lymph nodes and bone marrow. Hyperactivated macrophages 
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Fig. 4 Hemophagocytosis is noted in Kupffer cells lining the sinusoids (H&E, x600) 


phagocytize nearby blood cells independent from interactions with receptors on the 
surface of target cells [53, 54]. This type of abnormal phagocytosis does not induce 
apoptosis, and the phagocytized cells are thus seen intact within the macrophages 
(Fig. 1) [55]. 

High levels of IFNy and TNF also cause direct apoptosis of hematopoietic pre- 
cursors contributing to cytopenias [55]. The cytopenia is often associated with bone 
marrow hypoplasia, thus supporting intrinsic bone marrow injury as the likely 
underlying mechanism. 

The lymphohistiocytic infiltration of the liver and the spleen manifests as hepa- 
tosplenomegaly and may contribute to the liver dysfunction, with increased serum 
levels of transaminases and bilirubin. Neurologic symptoms are attributed to both 
infiltration of the brain parenchyma and leptomeninges by macrophages and to the 
direct neurotoxicity of cytokines and free radicals [56]. 

Activated macrophages release plasminogen activators in the serum, resulting in 
hyperfibrinolysis and consumption of fibrinogen [57]. The resulting drop in fibrino- 
gen can also lead to abnormally low erythrocyte sedimentation rate [58]. 
Hypercytokinemia inhibits lipoprotein lipase, then resulting in elevated triglycer- 
ides, which may also be a consequence of liver dysfunction [38]. Ferritin levels 
increase in response to an increased breakdown of heme by heme-oxygenase-1, an 
enzyme that is induced by tissue hypoxia and cytokines [59]. The elevated level of 
serum ferritin has also been attributed to increased secretion from activated macro- 
phages, cells that normally store ferritin in tissues [60]. 
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The diagnosis of hemophagocytic lymphohistiocytosis is based on the identification 
of either known homozygous (or compound heterozygous) HLH-associated genetic 
mutations, or five of eight HLH diagnostic criteria. The criteria are fever, spleno- 
megaly, cytopenias, hypertriglyceridemia or hypofibrinogenemia, hyperferri- 
tinemia, tissue hemophagocytosis, low/absent NK cell function, and increased 
soluble CD25 [32]. These diagnostic criteria, validated for the diagnosis of primary 
HLH in children, have been criticized by their lack of sensitivity and specificity for 
the diagnosis of secondary HLH [61]. More recently, a scoring system was pro- 
posed in an attempt to facilitate the diagnosis of HLH in adults [62, 63]. Specific 
diagnostic criteria for the diagnosis of macrophage activation syndrome in the set- 
ting of sJIA and lupus have been proposed [64—67]. 

A step-wise approach for the laboratory diagnosis of HLH starts with an initial 
evaluation with noninvasive, inexpensive, and readily available tests. The goal of this 
initial assessment is to confirm the clinical concern for HLH [61]. Results indicating 
the possibility of HLH will support the request of additional testing that is invasive, 
not readily available, or expensive [61]. These include tissue biopsy, levels of sCD25, 
NK cell function testing, and flow cytometry. If there is concern for an underlying 
immunodeficiency, the evaluation may also include immunoglobulin levels and 
determination of lymphocyte subsets by flow cytometry. Genetic testing is recom- 
mended in selected adult patients and in most children [61]. Additional testing is also 
indicated to identify a potential triggering event [61]. In adults with suspected HLH, 
the identification of active EBV infection with EBV viral titers and the concurrent 
diagnosis of certain types of T-cell lymphomas, such as gamma delta T-cell lym- 
phoma, may help to reinforce the clinical suspicion for HLH. Genetic testing for the 
XLP mutations is recommended in children with a documented EB V-associated 
HLH [11]. Testing strategies for the diagnosis of HLH are summarized in Table 2. 


Table 2 Diagnostic testing for cytokine storm syndromes 


Initial testing Advantages Limitations 

CBC, triglycerides, fibrinogen | Available Nonspecific 

Liver function tests Non-expensive 

Ferritin 

EBV levels? 

Search triggering event 

Bone marrow biopsy Provides additional criteria for HLH dx | Nonspecific, invasive 
sCD25 Send-out 


NK-cell function assay 

Flow cytometry screening 

Genetic testing Positive test confirmatory 
Familial HLH 
Primary HLH 


“Additional testing recommended to detect potential triggering events 
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Initial Testing 


An initial assessment to identify the laboratory findings most commonly associated 
with the cytokine storm syndromes include a complete blood count, serum levels of 
ferritin, triglycerides and fibrinogen, and liver function tests (1.e., aspartate amino- 
transferase, alanine aminotransferase, gamma glutamyl transferase, lactate dehy- 
drogenase, albumin, and bilirubin). These tests are readily available in the majority 
of health care facilities. Moreover, a trend of a rising CRP in the setting of a falling 
ESR over time is highly suggestive of MAS [68]. 

While a ferritin level greater than 500 ng/mL is required to be considered one of 
the diagnostic criteria for HLH, a level greater than 3000 ng/mL has been proposed 
as more specific for HLH [63]. Ferritin level of >10,000 ng/L is considered to be 
90% sensitive and 96% specific for the diagnosis of HLH in children [69]. However, 
the significance of extremely high levels of ferritin for the diagnosis of HLH has 
been questioned in a study of adults [18]. In fact, a different study has shown that 
extremely high ferritin levels (greater than 50,000 ng/mL) in adults may actually 
impart reduced specificity for HLH in adults [70]. Results of one study suggests that 
the serum levels of hemeoxygenase-1 (HO-1) may help to interpret the significance 
of hyperferritinemia in this context, as HO-1 is increased in hyperferritinemia due 
to HLH but not in hyperferritinemia due to other causes [71]. 


Tissue Biopsy 


A bone marrow biopsy may be indicated in patients with suspected HLH to identify 
abnormal hemophagocytosis. However, the sensitivity and specificity of bone mar- 
row hemophagocytosis has been questioned in studies of adult patients [18, 72]. 
Hemophagocytosis may be absent in early cases, and may also be seen in patients 
with hemolysis, sepsis, and history of recurrent blood transfusions [73]. In the bone 
marrow, hemophagocytosis is best appreciated in bone marrow aspirates (Fig. 1). 
The core biopsy shows a lymphohistiocytic infiltrate with a variable number of small 
lymphocytes comprising predominantly CD8-positive T-cells [50]. In addition to the 
bone marrow, hemophagocytosis may also be identified in biopsies of the liver, 
lymph nodes, skin, and spleen. The utilization of immunohistochemical studies for 
histiocyte markers CD68 or CD163 facilitate the identification of hemophagocytosis 
in core biopsies [61]. In situ hybridization studies for EBV-encoded RNA protein 
(EBER) may be considered to determine an association with EBV [50]. 


Serum Soluble Receptor Testing (sCD25 and sCD163) 


Activated T-lymphocytes express high levels of IL-2 receptor (CD25) on their cell 
surface and eventually release its soluble alpha-subunit in the serum. Increased 
sCD25 is useful as a diagnostic criterion for HLH as well as a marker of disease 
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activity [74]. The ratio of level of sCD25 to ferritin has been also utilized to favor 
the diagnosis of a lymphoma-associated HLH [75]. 

The expression of hemoglobin-haptoglobin scavenger receptor CD163 also sig- 
nificantly increases in activated macrophages; therefore, the quantification of 
sCD 163 in the serum has been proposed as a potential marker of HLH [76]. 


Flow Cytometry 


Flow cytometric studies can be used to assess the level of surface or cytoplasmic expres- 
sion of proteins involved in T/NK-cell function, such as perforin, granzyme B, XIAP, or 
SAP/SDH2D1A [77]. Some institutions have used this technique to screen for those 
cases in which subsequent confirmatory genetic testing is indicated [78]. This approach 
is limited in FHL2 because patients heterozygous for the PRF1 gene mutation may 
develop the disease, despite normal expression levels of perforin protein [79]. 

Peripheral blood flow cytometry to quantify the expression of surface CD107a 
(also known as lysosomal-associated membrane protein 1, LAMP-1) on mononu- 
clear cells is another method to evaluate the effectiveness of NK/T-cell granule exo- 
cytosis. CD107a is a molecule that is highly expressed on the cell surface upon 
normal exocytosis [80]. A decreased CD107a expression following standardized 
stimulation indicates defective granule exocytosis [81]. 


51-Cr Release Assay 


The 51-Cr release assay measures the quantity of radionuclide 51-Cr that is released 
in granules of previously labeled NK-cells. In patients with HLH, the release of the 
radioactive marker is decreased or absent, indicating an impaired granule exocytosis 
[82]. This method is regarded as the closest to a “gold standard” test to evaluate NK 
cell function; however, it is a labor-intensive test available in only few reference 
laboratories in the USA [1, 83]. More recently, flow cytometric (nonradioactive) 
approaches have been proposed assessing natural killer cell function [84]. 


Genetic Testing 


Genetic testing is uniformly indicated in children with suspected HLH, since genetic 
forms of HLH are more likely to occur in this age group [32, 85]. This test may also 
be indicated for individuals with a strong family history of HLH [11]. The recom- 
mended workup includes testing for all known mutations associated with familial 
HLH (PRF1, UNC13D or MUNC13-4, STX11, and STXBP2 or UNCISB). In EBV- 
associated cases, or in males, testing for mutations associated with XLP syndromes, 
SHIDIA/SAP, and XIAP [11, 86]. Additional testing for and LYST, RAB27A, and 
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AP3BI mutations may be recommended in HLH arising in the setting of suspected 
Chediak—Higashi, Griscelli syndrome type 2, and Hermansky—Pudlak syndrome, 
respectively. Using whole exome sequencing, heterozygous mutations have also 
been identified above the background rate in the population for many of the HLH- 
associated genes among patients with sHLH and MAS [35, 87]. Some of these 
heterozygous mutations have been shown to act in a dominant-negative fashion con- 
tributing to decreased NK cell function and sHLH pathophysiology [84, 88]. More 
recently, whole genome sequencing, or targeted sequencing, has identified muta- 
tions in non-coding regions of HLH-associated genes among patients with sHLH 
[89, 90]. There are likely other contributory genes to be identified which contribute 
to sHLH pathophysiology [35]. 


Cytokine Levels 


A recent large study of HLH in adults has suggested that measuring levels of cyto- 
kines could be used to distinguish HLH from sepsis or acute EBV infection [91, 92]. 
In this study, the cutoff of IFNy level of 75 pg/mL or greater and level of IL-10 of 
greater than 60 pg/mL yielded a sensitivity of 98.9% and specificity of 93% for the 
diagnosis of HLH. While measuring cytokine levels has not yet been incorporated 
in the diagnostic algorithms of HLH and is not routinely available in most laborato- 
ries, the data suggests a potential use for this parameter in the diagnosis of HLH, 
particularly in adults. Finally, the relative ratio of IL-18 to IL-6 may help to identify 
sJIA patients at risk MAS development [93]. 
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Introduction 


Cytokine storm syndromes (CSS) are a heterogeneous group of life-threatening 
hyperinflammatory disorders that are part of the spectrum of hemophagocytic lym- 
phohistiocytosis (HLH). In the current classification of histiocytic disorders, HLH 
is subdivided into primary and secondary forms [1-3]. Primary HLH (also called 
familial HLH) refers to the cases associated with several inherited monogenic ill- 
nesses [4]. Secondary HLH (also known as acquired or reactive HLH) occurs as a 
complication numerous conditions, which include infections, malignancies, and 
rheumatic diseases. Conventionally, secondary HLH associated with rheumatic 
disorders is termed macrophage activation syndrome (MAS) [5-7]. This complica- 
tion occurs most commonly in systemic juvenile idiopathic arthritis (JIA) and in its 
adult counterpart, adult-onset Still disease. However, it is reported with increasing 
frequency also in childhood-onset systemic lupus erythematosus (SLE) [8], 
Kawasaki disease [9, 10], and juvenile dermatomyositis. In spite of recent reports 
in periodic fever syndromes [11, 12], the occurrence of MAS in autoinflammatory 
diseases is rare. 
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Both primary and secondary HLH are potentially fatal and require immediate 
recognition to initiate prompt treatment and avoid deleterious outcome. However, 
because all forms of HLH bear close clinical similarities, their differentiation may 
be challenging. In addition, some clinical, laboratory, or histopathologic abnormali- 
ties of HLH may be seen in anumber of non-hemophagocytic diseases. Differentiation 
among the various forms of HLH and between HLH and unrelated illnesses is 
essential to select the appropriate therapeutic interventions. 

The difficulties in making the diagnosis, the recent therapeutic progress, and 
the advances in understanding pathophysiology of hemophagocytic syndromes 
highlight the need for diagnostic tools and well-established classification criteria. 
Well-validated and widely agreed upon diagnostic or classification criteria for CSS 
would be useful to enable timely diagnosis and correct classification of patients, 
to assist in the evaluation of different therapeutic approaches, and to facilitate 
communication among specialists in different fields who might be interested in 
hemophagocytic syndromes. Diagnostic or classification criteria would also be 
important for both educational and research purposes. 

In recent years, there has been a great deal of effort to develop diagnostic guide- 
lines or classification criteria for CSS. The purpose of this chapter is to provide a 
summary of the work accomplished thus far in this area of research. 


The HLH-2004 Diagnostic Guidelines 


In 1991, the Histiocyte Society published the first set of diagnostic guidelines for 
HLH, which were based on its most typical clinical, laboratory, and histopathologic 
findings [13]. Several years later, the recognition that these criteria did not allow 
recognition of cases with an atypical or insidious onset and that a number of patients 
could develop one of more of the diagnostic criteria over the course of the disease, 
together with the emerging knowledge on the clinical and laboratory features of the 
syndrome, prompted the Histiocyte Society to develop revised criteria, which were 
named HLH-2004 diagnostic guidelines [14]. 

All five items comprised in the 1991 guidelines (fever, splenomegaly, cytopenias 
affecting at least two of three lineages in the peripheral blood, hypertriglyceridemia 
and/or hypofibrinogenemia, and hemophagocytosis in the bone marrow, spleen, or 
lymph nodes) were retained in the new guidelines. In addition, the following three 
criteria were included: (1) low or absent NK-cell activity, (2) hyperferritinemia, and 
(3) high levels of soluble IL-2 receptor-alpha chain. The incorporation of these param- 
eters was deemed necessary owing to the recent clinical and experimental evidence 
suggesting their diagnostic value in HLH [14]. It was established that the diagnosis of 
HLH would require the fulfillment of at least five of the eight criteria (Table 1). It was, 
however, acknowledged that patients with a molecular diagnosis consistent with HLH 
do not necessarily need to meet the diagnostic criteria [15, 16]. 
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Table 1 HLH-2004 diagnostic guidelines 


The diagnosis of HLH can be established if (A) or (B) below is fulfilled 
(A) Molecular diagnosis consistent with HLH 
(B) Diagnostic criteria for HLH fulfilled (5 of the 8 criteria below) 
1. Fever 
2. Splenomegaly 
3. Cytopenia (affecting >2 lineages in peripheral blood): 
e Hemoglobin <90 g/L (infants <4 weeks: hb < 100 g/L) 
e Platelets <100 x 10°/L 
e Neutrophils<1.0 x 10°/L 
4. Hypertriglyceridemia and/or hypofibrinogenemia: 
e Fasting triglycerides >3.0 mmol/L (1.e., >265 mg/dl) 
e Fibrinogen <1.5 g/dL 
. Hemophagocytosis in bone marrow, spleen, or lymph nodes 
. Low or absent NK-cell activity 
. Ferritin >500 ng/mL 
8. Soluble CD25 (1.e., IL-2 receptor-a) > 2400 U/mL 


Adapted from Henter JI et al. HLH-2004: diagnostic and therapeutic guidelines for hemophago- 
cytic lymphohistiocytosis. Pediatr Blood Cancer 2007;48:124—31 


NIDN Nn 


The Preliminary Diagnostic Guidelines for MAS Complicating 
Systemic JIA 


In 2005, preliminary diagnostic guidelines for MAS in systemic JIA were published 
[17]. The authors followed the classification criteria approach, which is based on the 
comparison of patients with the index disease with patients with a “confusable” 
disease. The former group included 74 patients with systemic JIA-associated MAS 
reported in the literature or seen by the authors, whereas the second group com- 
prised 37 patients with systemic JIA seen by the authors who had 51 instances of 
“high disease activity” but not believed to have clinical MAS. The capacity of clini- 
cal, laboratory, and histopathologic variables in discriminating patients with 
MAS from patients with high disease activity was assessed by computing the 
sensitivity, specificity, area under the receiver operating characteristic curve, and 
diagnostic odds ratio. The combinations of variables that led to best separation 
between patients and control subjects were identified through “the number of criteria 
present” method. 
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Table 2 Preliminary Diagnostic Guidelines for MAS complicating sJIA* 


Laboratory criteria: 

1. Platelet count <262 x 10°/L 

2. Aspartate aminotransferase >59 U/L 

3. White blood cell count <4 x 10° U/L 

4. Fibrinogen <2.5 g/L 

Clinical criteria: 

1. CNS dysfunction (irritability, disorientation, lethargy, headache, seizures, coma) 

2. Hemorrhages (purpura, easy bruising, mucosal bleeding) 

3. Hepatomegaly (> 3 cm below the costal arch) 

Histopathologic criterion: 

Evidence of macrophage hemophagocytosis in the BM aspirate 

Adapted from Ravelli A et al. Preliminary diagnostic guidelines for macrophage activation syn- 
drome complicating systemic juvenile idiopathic arthritis. J Pediatr 2005; 146:598—604 
‘Diagnostic rule: The diagnosis of MAS requires the presence of any two or more laboratory crite- 


ria or of any two or three or more clinical and/or laboratory criteria. A bone marrow aspirate for the 
demonstration of hemophagocytosis may be required only in doubtful cases 


The final set of guidelines included four laboratory criteria and three clinical 
criteria (Table 2). Laboratory criteria included decreased platelet count 
(<262 x 10°/L), elevated levels of aspartate aminotransferase (>59 U/L), decreased 
white blood cell count (<4.0 x 10°/L), and hypofibrinogenemia (< 2.5 g/L). Clinical 
criteria were hepatomegaly, hemorrhagic manifestations, and central nervous 
system dysfunction. The diagnosis of MAS requires the presence of at least two 
laboratory criteria or the presence of at least one laboratory criterion and one clini- 
cal criterion. The demonstration of macrophage hemophagocytosis in the bone mar- 
row aspirate is required only in doubtful cases or for the purpose of differential 
diagnosis. 


HLH-2004 Guidelines Versus Preliminary MAS Guidelines 
in Systemic JIA-Associated MAS 


Until recently, the optimal diagnostic criteria for MAS complicating systemic JIA 
were unclear. The recognition that the syndrome is clinically similar to primary HLH 
led some to recommend the use of the HLH-2004 diagnostic guidelines. An alterna- 
tive approach was based on the application of the preliminary diagnostic guidelines 
for MAS complicating systemic JIA. However, although both guidelines are consid- 
ered potentially suitable for detecting MAS in systemic JIA, it has been argued that 
each of them is limited by a number of potential shortcomings [18—20]. 

The main limitation of using the HLH criteria in diagnosing MAS is due to the fact 
that some criteria may not apply to patients with systemic JIA. Due to the prominent 
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inflammatory nature of systemic JIA, the occurrence of a relative drop in white 
blood cell count, platelets, or fibrinogen rather than the absolute decrease required 
by the HLH criteria may be more useful to make an early diagnosis [21]. Patients 
with systemic JIA often have increased white blood cell and platelet counts as well 
as increased serum levels of fibrinogen as part of the underlying inflammatory pro- 
cess. Therefore, when these patients develop MAS, the degree of cytopenia and 
hypofibrinogenemia observed in HLH may only be reached in the late phase, when 
management may be more difficult. Furthermore, the minimum threshold level for 
hyperferritinemia required for the diagnosis of HLH (500 ug/L) is not suitable to 
detect MAS in children with sJIA. It is well known that many patients with active 
systemic JIA, in the absence of MAS, have ferritin levels above that threshold [22]. 
In the acute phase of MAS, ferritin levels may peak to more than 5000 pg/L. Thus, 
a 500 ug/L threshold may not discriminate MAS from a flare of systemic JIA. Other 
HLH criteria that are not readily applicable to MAS are the identification of low or 
absent natural killer cell activity or soluble IL-2 receptor-a chain above normal 
limits for age, as these tests are not routinely performed in most pediatric rheuma- 
tology centers. 

Although the preliminary MAS guidelines have the merit of being data-driven, 
they have the disadvantage that the study that led to their development lacked sev- 
eral laboratory measurements in a number of patients and had insufficient data 
available for some important laboratory parameters of MAS, namely ferritin, tri- 
glycerides and lactic dehydrogenase. 

The diagnostic performance of the two sets of guidelines was recently scruti- 
nized using real patient data [23]. This study compared their potential to discrimi- 
nate between MAS and two conditions potentially confusable with MAS, represented 
by active systemic JIA without evidence of MAS and febrile systemic infection 
requiring hospitalization. The preliminary MAS guidelines were found to perform 
better than the HLH-2004 guidelines in identifying MAS in the setting of sJIA, 
whereas the adapted HLH-2004 guidelines (with the exclusion of assessment of 
bone marrow hemophagocytosis, NK cell activity and sCD25 levels) and the pre- 
liminary MAS guidelines with the addition of a ferritin level > 500 ng/mL 
discriminated best between MAS and systemic infection. These findings led to the 
conclusion that the HLH-2004 guidelines are not appropriate for identification of 
MAS in children with sJIA. 


The 2016 Classification Criteria for MAS Complicating 
Systemic JIA 


An international collaborative effort aimed to develop a set of classification criteria 
for MAS in the context of systemic JIA has been accomplished recently [24, 25]. 
These criteria were based on a combination of expert consensus, available evidence 
from the medical literature and analysis of real patient data. The project was 
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conducted through the following steps: (1) Delphi survey among international pedi- 
atric rheumatologists aimed to identify clinical, laboratory, and histopathologic fea- 
tures potentially suitable for inclusion in classification criteria; (2) large-scale data 
collection of patients with systemic JIA-associated MAS and two potentially con- 
fusable conditions; (3) web-based consensus surveys among experts; (4) selection 
of candidate criteria through statistical analyses; and (5) definition of final classifi- 
cation criteria in a consensus conference. 

The purpose of the first step of the project was to identify candidate items using 
international consensus formation through the Delphi survey technique. This exer- 
cise involved 232 pediatric rheumatologists from 47 countries and led to the selec- 
tion of the following nine features that were felt to be important as potential 
diagnostic criteria for MAS by the majority of the respondents: falling platelet 
count, hyperferritinemia, evidence of macrophage hemophagocytosis in the bone 
marrow, elevated serum liver enzymes, falling leukocyte count, persistent continu- 
ous fever greater than or equal to 38 °C, falling erythrocyte sedimentation rate 
(ESR), hypofibrinogenemia, and hypertriglyceridemia [26]. 

In the second phase, international pediatric rheumatologists and pediatric 
hematologists were invited to participate in a retrospective cohort study of patients 
with systemic JIA-associated MAS and with two conditions potentially confus- 
able with MAS, represented by patients with active systemic JIA not complicated 
by MAS, and by children hospitalized for acute febrile infections [23, 27, 28]. 
The data of 1111 patients (362 with systemic JIA-associated MAS, 404 with 
active systemic JIA without MAS and 345 with systemic infection) were entered 
in the study website by 95 pediatric specialists practicing in 33 countries in five 
continents. 

The final part of the project involved a panel of experts, composed of 20 pedi- 
atric rheumatologists and 8 pediatric hematologists with specific expertise in the 
care of children with MAS and related disorders. The participants were first asked 
to classify, by means of a series of web-based consensus procedures, a total of 428 
patient profiles as having or not having MAS, based on the clinical and laboratory 
features recorded at disease onset. The profiles were selected randomly among the 
1111 patients collected in the previous phase and comprised 161 patients with 
MAS, 140 patients with active sJIA without evidence of MAS and 127 patients 
with systemic infection. The experts were purposely kept unaware of the original 
diagnosis and of the overall course of the patient. The minimum level of agree- 
ment was set at 80%. 

The best performing criteria were selected by means of univariate and multivari- 
ate statistical analyses based on their ability to classify individual patients as having 
or not having MAS, using the experts’ diagnosis as the gold standard. Candidate 
classification criteria were partly derived from the literature and partly generated 
from the study data, through the combination of criteria approach or multivariable 
logistic regression. A total of 982 candidate classification criteria were tested. For 
each set of criteria, the sensitivity, specificity, area under the ROC curve (AUC- 
ROC), and k value for agreement between the classification yielded by the criteria 
and the diagnosis of the experts were calculated. It was established that to qualify 
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Table 3 2016 Classification Criteria for MAS complicating sJIA 


A febrile patient with known or suspected sJIA is classified as having MAS if the following 
criteria are met: 
Ferritin >648 ng/mL 
and any two of the following: 
Platelet count <181 x 10°/uL 
Aspartate aminotransferase >48 U/L 
Triglycerides >156 mg/dL 
Fibrinogen <360 mg/dL 
Adapted from Ravelli A et al. 2016 Classification Criteria for Macrophage Activation Syndrome 
Complicating Systemic Juvenile Idiopathic Arthritis: A European League Against Rheumatism/ 
American College of Rheumatology/Paediatric Rheumatology International Trials Organisation 
Collaborative Initiative. Ann Rheum Dis 2016;75:481—9 and Ravelli A et al. 2016 Classification 
Criteria for Macrophage Activation Syndrome Complicating Systemic Juvenile Idiopathic 
Arthritis: A European League Against Rheumatism/American College of Rheumatology/Paediatric 


Rheumatology International Trials Organisation Collaborative Initiative. Arthritis Rheumatol 
2016;68:566—76 


for inclusion in the expert voting procedures phase at the consensus conference, a 
set of classification criteria should demonstrate a kappa value >0.85, a sensitivity 
>0.80, a specificity >0.93, and an AUC-ROC >0.90. An exception was made for the 
historical literature criteria [14, 17], which were retained for further consideration 
even if they did not meet all statistical requirements. Forty-five criteria were selected 
for further evaluation in the consensus conference. 

The International Consensus Conference on MAS Classification Criteria was 
held in Genoa, Italy, on 21—22 March 2014, and was attended by all 28 experts who 
participated in the web-consensus evaluations. Attendees were randomized into two 
equally sized nominal groups and, using the Nominal Group Technique, were asked 
to decide, independently of each other, which of the classification criteria that met 
the above statistical requirements were easiest to use and most credible (that is, had 
the best face/content validity). A series of repeated independent voting sessions was 
held until the top three classification criteria were selected by each voting group. 
Then, an 80% consensus was attained on the best (final) set of classification criteria 
in a session with the two tables of participants combined. 

The 2016 Classification Criteria for MAS complicating systemic JIA are pre- 
sented in Table 3. 


Expert Consensus on Dynamics of Laboratory Tests 
for Diagnosis of MAS in Systemic JIA 


All the criteria described above emphasize the achievement of a certain threshold in 
laboratory test value for the diagnosis of MAS. However, it has been argued that the 
relative change in laboratory values over time may be more relevant for making an 


68 F. Minoia et al. 


early diagnosis than the decrease below, or increase above, a certain threshold, as 
stipulated by the criteria [18—20, 24, 25]. It is well known that patients with active 
systemic JIA often have elevated platelet counts as well as increased levels of fer- 
ritin or fibrinogen as part of the underlying inflammatory process [22, 29]. Thus, the 
occurrence of a relative decline (in the case of platelet count or fibrinogen) or eleva- 
tion (in the case of ferritin) in these laboratory biomarkers, rather than the achieve- 
ment of an absolute threshold required by the criteria, may be sufficient to herald the 
occurrence of MAS in the setting of sJIA [19, 27]. 

To address this issue, the 2016 MAS Classification Criteria project aimed to 
identify the laboratory tests whose change over time is most valuable for the timely 
diagnosis of MAS in the setting of systemic JIA. A multistep process, based on a 
combination of expert consensus and analysis of real patient data, was conducted. 
A panel of experts was first asked to evaluate 115 profiles of patients with MAS, 
which included the values of laboratory tests at the pre-MAS visit and at MAS 
onset, and the change in values between the two time points. The experts were 
asked to choose the five laboratory tests whose change was most important for the 
diagnosis of MAS and to rank the five selected tests in order of importance. The 
relevance of change in laboratory parameters was further discussed and ranked by 
the same experts at the consensus conference. Platelet count was the most fre- 
quently selected test, followed by ferritin, aspartate aminotransferase (AST), white 
blood cell count, neutrophil count, fibrinogen, and ESR. Ferritin was assigned 
most frequently the highest score. At the end of the process, platelet count, ferritin, 
and AST were the laboratory tests whose change over time was felt by the experts 
as most important [21]. 


Performance of the 2016 Classification Criteria in Instances 
of MAS Developing Under Biologic Therapy 


Recently, several episodes of MAS have been observed in systemic JIA patients 
under treatment with the cytokine blockers canakinumab and tocilizumab in ran- 
domized controlled clinical trials and in postmarketing experience [30-32]. 
Because these agents inhibit the biologic effects of IL-1 and IL-6, respectively, 
which are among the proinflammatory cytokines involved in the physiopathology 
of MAS [7], it is conceivable that MAS episodes developing during treatment with 
these biologics may lack fever or some of the typical laboratory abnormalities of 
the syndrome. Clinical symptoms of patients with sJIA-associated MAS receiving 
tocilizumab were found to be milder than those of patients not receiving this medi- 
cation [33]. 

Recently a systematic literature review identified 84 sJIA patients who devel- 
oped MAS while treated with IL-1 and IL-6 blocking agents [34]. Clinical and labo- 
ratory features of 35 patients treated with canakinumab and 49 with tocilizumab has 
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been compared to those of an historical retrospective cohort of sJIA associated 
MAS patients, that were not receiving biologic treatment at MAS onset [27]. 

The 2016 Classification Criteria were less likely to correctly classify MAS in 
patients treated with tocilizumab compared to the historical cohort and to patients 
treated with canakinumab (56.7% vs 78.5% and 84%, respectively; p < 0.01). 
Patients who developed MAS under canakinumab trended to have lower levels of 
serum ferritin at MAS onset than historical cohort, but not other differences were 
noted. Conversely, patients treated with tocilizumab at MAS onset were less likely 
febrile, had much lower ferritin levels, and trended towards lower platelet counts, 
lower fibrinogen and higher AST levels. These findings suggest that the observed 
alterations in MAS features may limit utility of the 2016 classification criteria for 
diagnosis of systemic JIA in patients treated with biologics. However, more data 
from the real world of clinical practice are needed to establish whether the criteria 
should be refined to increase their power to pick up the instances of MAS occurring 
during treatment with IL-1 and IL-6 inhibitors. 


The MS Score: A Diagnostic Tool for Early Detection of MAS 
in Systemic JIA Based on an Improper Linear Model 


An unconventional statistical approach was recently applied to create a diagnostic 
score for early diagnosis of MAS in patients with systemic JIA (Minoia F, unpub- 
lished). The clinical and laboratory features of 362 patients with systemic JIA- 
associated MAS and 404 patients with active systemic JIA without evidence of MAS 
collected in the aforementioned multinational collaborative project were employed 
in the analyses. Eighty-percent of the study population was used to develop the score 
and the remaining 20% constituted the validation sample. All features associated 
with the diagnosis of MAS in univariate analysis (p < 0.05) were further scrutinized 
in multivariable logistic regression procedures. By means of an improper linear 
model method, the variables that entered the best fit model of logistic regression 
were assigned a score based on their B-coefficient value (score 1 for B-coefficients 
<1, score 2 for B-coefficients >1, score 3 for B-coefficients >2). The total score was 
made up by summing the scores of each individual variable. The score cut-off that 
discriminated better MAS from active systemic JIA was computed by means of 
receiver operating characteristic (ROC) curve analysis. The sensitivity, specificity, 
area under the curve (AUC), and kappa value of the score were calculated for both 
developmental and validation samples. 

The 12 variables that were most closely associated with a diagnosis of MAS in 
logistic regression analysis are presented in Table 4, together with their respective 
score. The final score ranged from 0 to 21. A cut-off value >7 performed best in 
discriminating MAS from active sJIA (sensitivity 84%, specificity 84%, AUC 0.91, 
kappa 0.69). The good performance of the score was confirmed in the validation 
sample (sensitivity 92%, specificity 88%, AUC 0.90, kappa 0.80). 
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Table 4 The MS score 6-coefficient | Points 
CNS involvement 29 J 
Hemorrhagic manifestations Zu 3 
Platelet count <340 x 10°/L 1.6 2 
Triglycerides >145 mg/dL 1.5 2 
Ferritin >1550 ng/mL 1.4 2 
Lactic dehydrogenase 1.2 2 
>640 U/L 
Albumin <3.3 g/dL 0.8 l 
White blood cell count 0.8 l 
<14 x 10°/L 
Aspartate aminotransferase 0:7 1 
>48 U/L 
Hepatomegaly 0.6 1 
Absence of skin rash —1.0 1 
Absence of arthritis —1.4 2 


The new diagnostic score, provisionally named MAS/SJIA (MS) score, represents 
a powerful and feasible tool for the early detection of MAS in patients with active 
systemic JIA. Notably, the use of an improper linear model method may potentially 
allow the application of the score in different diseases. 


Distinguishing MAS from Primary HLH: The MH Score 


As mentioned above, because primary HLH and MAS bear close clinical similari- 
ties, their differentiation may be challenging. Distinction may be particularly diffi- 
cult when MAS develops at onset of systemic JIA, and arthritis is not yet present or 
when primary HLH occurs at a later age [35]. Indeed, although pHLH typically 
develops in the first year of life, it is now understood that there are patients with a 
genetic basis for this illness who remain asymptomatic until the toddler or adoles- 
cent age [36]. Recognition of biallelic pathologic mutations in a disease-associated 
gene is the gold standard diagnostic test for primary HLH. However, these studies 
take weeks to complete and may not be available in resource-limited areas. In addi- 
tion, although most cases of primary HLH can be molecularly verified, some cases 
still elude molecular diagnosis [37]. Finally, some genetic overlap between MAS 
and pHLH has been identified [38—42]. 

Timely differentiation between primary HLH and MAS is, nevertheless funda- 
mental because primary HLH is often more severe than MAS and the management 
of the two conditions differs. Although both are treated with intravenous corticoste- 
roids, the treatment protocol recommended for primary HLH (HLH-94) [43] 
includes dexamethasone and etoposide, with the optional addition of cyclosporine, 
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whereas the first-line treatment for MAS in pediatric rheumatology settings almost 
always involves methylprednisolone and cyclosporine, often in combination with an 
IL-1 blocker [7]. Furthermore, primary HLH patients often require allogeneic 
hematopoietic stem cell transplantation [37], whereas MAS patients almost never 
need such treatment. 

Until recently, the capacity of the HLH-2004 and MAS criteria to discriminate 
between the two conditions has never been investigated. An international collabora- 
tive initiative has led to devise a diagnostic score that may aid to distinguish between 
primary HLH and systemic JIA-associated MAS [44]. Clinical, laboratory, and his- 
topathologic features of 362 patients with MAS and 258 patients with primary HLH 
were collected by both pediatric rheumatologists and pediatric hematologists. Eighty 
percent of the population was used to develop the score and the remaining 20% con- 
stituted a validation sample. Variables that entered the best fitted model of logistic 
regression were assigned a score, based on their statistical weight. The MAS/HLH 
(MH) score was composed of the individual scores of selected variables and com- 
prised six items: age at onset, neutrophil count, fibrinogen, splenomegaly, platelet 
count, and hemoglobin (Table 5). The MH score ranged from 0 to 123 points, and 
its median value was 97 (1st—3rd quartile 75—123) and 12 (1st—3rd quartile 11-34) 
in primary HLH and MAS, respectively. The probability of a diagnosis of primary 
HLH ranged from <1% for a score < 11 to >99% for a score > 123. By means of ROC 
curve analysis, a cut-off value >60 was found to perform best in discriminating 
primary HLH from MAS. 

The MH score may assist physicians in differentiating timely of primary HLH 
and systemic JIA-associated MAS, facilitate the decision-making process regarding 
initial therapy and aid selection of patients who require further evaluation to diag- 
nose suspected primary HLH. Its feasibility and easy applicability may foster its 
widespread use in different centers and in diverse countries. 


Table 5 The MH score Points for scoring 
Age at onset, years 0 (>1.6); 37 (<1.6) 
Neutrophil count, x10°/L | 0 (>1.4); 37 (<1.4) 
Fibrinogen, mg/dL 0 (>131); 15 (<131) 
Splenomegaly 0 (no); 12 (yes) 
Platelet count, x10°/L 0 (>78); 11 (<78) 
Hemoglobin, g/dL 0 (>8.3); 11 (<8.3) 


Adapted from Minoia F et al. Development and 
initial validation of the macrophage activation 
syndrome/ hemophagocytic lymphohistiocytosis 
score, a diagnostic tool that differentiates primary 
hemophagocytic lymphohistiocytosis from mac- 
rophage activation syndrome. J Pediatr 2017; 
189:72-78 
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Diagnostic Criteria for MAS in Childhood-Onset SLE 


As stated above, in recent years MAS has been reported with increasing frequency in 
childhood-onset SLE. Furthermore, it has been suggested that MAS in this disease 
may be underrecognized [45]. In 2009, Parodi et al. reported the demographic, clini- 
cal and histopathologic features of 38 patients with MAS as a part of childhood-onset 
SLE, collected in the context of a multinational survey or obtained from a systematic 
literature review [46]. Patients who had evidence of macrophage hemophagocytosis 
on bone marrow aspirate were considered to have definite MAS, and those who did 
not have such evidence were considered to have probable MAS. Patients with defi- 
nite and probable MAS were comparable for all clinical and laboratory features of 
the syndrome, including the American College of Rheumatology lupus criteria at 
diagnosis, except for a greater frequency of lymphadenopathy, leukopenia, and 
thrombocytopenia in patients with definite MAS. Around two-thirds of the patients 
with MAS developed this complication within | month after diagnosis of childhood- 
onset SLE. The frequency of admission to the ICU was 43.7%, and the mortality rate 
was 11.4%. These figures indicate that MAS in childhood-onset SLE is a serious 
condition. 

The clinical and laboratory features of the 38 childhood-onset SLE patients with 
MAS (20 definite and 18 probable) were compared with those of a control group 
composed of 416 patients with active childhood-onset SLE without MAS. The abil- 
ity of each feature to discriminate MAS from active disease was evaluated by calcu- 
lating sensitivity, specificity and AUC-ROC. Overall, clinical features revealed 
better specificity than sensitivity, except for fever, which was highly sensitive but 
poorly specificity. Among laboratory features, the best sensitivity and specificity 
were shown by hyperferritinemia, followed by increased levels of lactate dehydro- 
genase, hypertriglyceridemia, and hypofibrinogenemia. Both HLH-2004 diagnostic 
guidelines and preliminary diagnostic guidelines for MAS complicating systemic 
JIA were tested in the study sample, but were found to be inappropriate for detect- 
ing MAS in the context of childhood-onset SLE. 

On the basis of the results of statistical analyses and using the “number of cri- 
teria present approach,” a set of preliminary diagnostic guidelines for MAS in 
childhood-onset SLE was devised, which included five clinical criteria and six 
laboratory criteria. The best diagnostic performance was obtained by the simulta- 
neous presence of any one or more clinical criteria and any two or more labora- 
tory criteria, which yielded a sensitivity of 92.1% and a specificity of 90.9% 
(Table 6) Owing to the strong discriminatory ability shown by this definition, the 
demonstration of macrophage hemophagocytosis in the bone marrow aspirate was 
deemed necessary for diagnostic confirmation only in uncertain cases. The practi- 
cal recommendation that came out from the study findings was that in the clinical 
setting, the occurrence of unexplained fever and cytopenia, when associated with 
hyperferritinemia, in a patient with childhood-onset SLE should raise the suspicion 
of MAS. 
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Table 6 Diagnostic criteria for MAS in childhood-onset SLE? 


Clinical criteria: 

1. Fever (38 °C) 

2. Hepatomegaly (3 cm below the costal arch) 

3. Splenomegaly (3 cm below the costal arch) 

4. Hemorrhagic manifestations (purpura, easy bruising, or mucosal bleeding) 


5. Central nervous system dysfunction (irritability, disorientation, lethargy, headache, seizures, 
or coma) 


Laboratory criteria: 


1. Cytopenia affecting two or more cell lineages (white blood cell count <4.0 x 10°/L, 
hemoglobin <90 gm/L, or platelet count <150 x 10°/L) 


2. Increased aspartate aminotransferase (> 40 units/L) 

3. Increased lactate dehydrogenase (> 567 units/L) 

4. Hypofibrinogenemia (fibrinogen <1.5 g/L) 

5. Hypertriglyceridemia (triglycerides >178 mg/dL) 

6. Hyperferritinemia (ferritin >500 pg/L) 

Histopathologic criterion: 

Evidence of macrophage hemophagocytosis in the bone marrow aspirate 

Adapted from Parodi A et al. Macrophage activation syndrome in juvenile systemic lupus erythe- 
matosus: a multinational multicenter study of thirty-eight patients. Arthritis Rheum 2009;60: 
3388-99 
“Diagnostic rule: the diagnosis of macrophage activation syndrome requires the simultaneous pres- 


ence of at least one clinical criterion and at least two laboratory criteria. Bone marrow aspiration 
for evidence of macrophage hemophagocytosis may be required only in doubtful cases 


Generic MAS Criteria 


Recently, Fardet et al. developed and validated a weighted diagnostic score for the 
broader category of reactive hemophagocytic syndrome (HS), called the HScore 
[47] (Table 7). This score was created and tested using a multicenter retrospective 
cohort of 312 patients (many with oncologic conditions) who were classified by an 
expert panel to have reactive HS (n = 162), not to have reactive HS (n = 104), or in 
whom the diagnosis of reactive HS was undetermined (n = 46). For the construction 
of the score the population was divided in a developmental group and in a validation 
group. Ten explanatory variables, obtained from a previous Delphi survey involving 
24 experts in HS from 13 countries, were analyzed in the study [48]. After the dem- 
onstration of their association with a positive diagnosis of HS in univariate analysis, 
the ten variables were included in a multivariate logistic regression model to assess 
their independent contribution to the outcome. Continuous variables were dichoto- 
mized and their threshold values were calculated by means of ROC curve analysis 
(for variables showing a linear relationship with the outcome), or by computing the 
lowest smoothing function and examining the resulting plot (for variables not show- 
ing a linear relationship with the outcome). The coefficients resulting from multiple 
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Table 7 HScore 


Parameter No. of points (criteria for scoring) 

Known underlying 0 (no) or 18 (yes) 

immunosuppression* 

Temperature (°C) 0 (<38.4), 33 (38.4-39.4), or 49 (>39.4) 

Organomegaly 0 (no), 23 (hepatomegaly or splenomegaly), or 38 
(hepatomegaly and splenomegaly) 

No. of cytopenias?” 0 (1 lineage), 24 (2 lineages), or 34 (3 lineages) 

Ferritin (ng/mL) 0 (>2000), 35 (2000-6000), or 50 (>6000) 

Triglyceride (mmoles/L) 0 (>1.5), 44 (1.5—4), or 64 (>4) 

Fibrinogen (gm/L) 0 (>2.5) or 30 (<2.5) 

Serum glutamic oxaloacetic 0 (<30) or 19 (>30) 


transaminase (IU/L) 
Hemophagocytosis features on bone 0 (no) or 35 (yes) 
marrow aspirate 


Adapted from Fardet L et al. Development and validation of the HScore, a score for the diagnosis 
of reactive hemophagocytic syndrome. Arthritis Rheumatol 2014;66:26 13-20 

“Human immunodeficiency virus positive or receiving long-term immunosuppressive therapy (i.e., 
glucocorticoids, cyclosporine, azathioprine) 

'Defined as a hemoglobin level of <9.2 g/dL and/or a leukocyte count of <5000/mm? and/or a 
platelet count of <110,000/mm3 


logistic regression analysis were used to assign score points to each variable for 
construction of the HScore. 

Nine variables, three clinical, five biologic, and one cytologic were included in 
the HScore. The maximum possible score assigned to each variable ranged from 18 
for underlying immunosuppression to 64 for triglyceride level. In the validation 
set, the median HScore was 222 (interquartile range, 202—284) for patients with a 
positive diagnosis of reactive HS and 129 (interquartile range, 77—152) for patients 
with a negative diagnosis. The HScore revealed excellent diagnostic performance 
and discriminative ability in both developmental and validation data sets. The 
probability of having HS ranged from <1% with an HScore < 90 to >99% with an 
HScore >250. 

General limitations of the HScore include the retrospective nature of the data col- 
lection, the heterogeneity of the underlying diseases and the small size (only 10% of 
the entire study population) of the validation data set. Because the patient sample 
included in the study of Fardet et al. was only composed of adults with HS, no infor- 
mation can be reliably drawn regarding the applicability of the HScore to pediatric 
patients with reactive HS, particularly those with systemic JIA-associated 
MAS. Moreover, it can be anticipated that the use in this condition of some individual 
criteria included in the HScore may be problematic. For instance, the item “known 
underlying immunosuppression” involves the use of some medications that are seldom 
prescribed in children with systemic JIA, such as cyclosporine A and azathioprine and 
does not include the newer cytokine antagonists that are a part of the treatment of this 
disease and have been associated with the occurrence of MAS [7, 30-34]. 
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In addition, the threshold level for the platelet count (110,000/mm+) is too low 
for a highly inflammatory condition like systemic JIA, which is typically character- 
ized, in its acute phase, by marked thrombocytosis. As discussed above, due to the 
prominent inflammatory nature of systemic JIA, the occurrence of a relative drop in 
platelets, rather than an absolute decrease below a certain threshold, is more useful 
for an early diagnosis [21]. A further problem with the HScore is that the demon- 
stration of hemophagocytosis in the bone marrow aspirate is rarely sought for in 
children with systemic JIA-associated MAS and does not constitute a mandatory 
requirement in either the HLH-2004 guidelines or the preliminary MAS 
guidelines. 


Conclusions and Future Directions 


Owing to the work performed in the past two decades, a variety of well-established 
diagnostic guidelines, classification criteria and diagnostic scores for CSS are now 
available. Altogether, these tools will increase the knowledge and awareness of 
these serious conditions among specialists in different fields, facilitate timely diag- 
nosis in routine clinical settings, foster genetic, etiopathogenetic, and clinical 
research, and ensure inclusion of properly characterized patients in future thera- 
peutic trials. 

Although the most recent criteria have been developed using modern and rigor- 
ous methodologic and statistical procedures and appropriate and large patient sam- 
ples, they have generally been based on retrospectively collected data. There is, 
thus, the need to scrutinize their validity in different patient populations evaluated 
prospectively. Furthermore, because some signs and symptoms of MAS in systemic 
JIA may be blurred under therapy with cytokine blockers, further studies of the 
diagnostic performance of existing criteria in patients treated with biologics are 
warranted. The validity of the 2016 Classification Criteria for MAS has been 
recently demonstrated in Japanese patients with systemic JIA [49]. 

Because MAS may occur in rheumatic diseases other than systemic JIA, particu- 
larly SLE and Kawasaki disease, there is the need to explore the validity of pro- 
posed criteria in these illnesses. As mentioned above, MAS is likely underrecognized 
in childhood-onset SLE [45]. Notably, it has been suggested that a fraction of chil- 
dren with Kawasaki disease who are refractory to intravenous immunoglobulin may 
have “occult” MAS and that the 2016 Classification Criteria for MAS in sJIA may 
be suitable to detect MAS in Kawasaki disease [50, 51]. Recently, the same criteria 
were found to be useful for the recognition of MAS and the identification of patients 
at risk for a poor outcome in patients with adult-onset Still disease, which is the 
adult equivalent of systemic JIA [52]. Finally, a facile calculation of the serum 
ferritin-to-ESR ratio may help to distinguish MAS from flares of disease in children 
with sJIA, and potentially other conditions with CSS [53]. 
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Introduction 


Hemophagocytic lymphohistiocytosis (HLH) constitutes a rare, potentially life- 
threatening hyperinflammatory immune dysregulation syndrome that can present 
with a variety of clinical signs and symptoms including fever, hepatosplenomegaly, 
and abnormal laboratory and immunologic findings such as cytopenias, hyperferri- 
tinemia, hypofibrinogenemia, hypertriglyceridemia, elevated blood levels of soluble 
CD25 (IL-2 receptor « chain), or diminished natural killer (NK) cell cytotoxicity 
(reviewed in detail in chapter “Immunology of Cytokine Storm Syndromes: Natural 
Killer Cells” of this book). While HLH can be triggered by an inciting event (e.g., 
infections), certain single gene mutations have been associated with significantly 
elevated risk of development of HLH, or its recurrence in patients who have recov- 
ered from their disease episode. These monogenic predisposition syndromes are 
variably referred to as “familial” or “primary” HLH (henceforth referred to as 
“pÞHLH”) and are the focus of this chapter. Conversely, secondary HLH (sHLH) 
often occurs in the absence of genetic lesions that are commonly associated with 
pHLH, and can be triggered by infections, malignancies or rheumatologic diseases; 
these triggers and the genetics associated with sHLH are discussed in more detail in 
other chapters in this book. 

While the initial therapy of HLH is not dependent on the identification of an 
underlying genetic lesion, the subsequent confirmation of a mutation predisposing 
to pHLH is of clinical importance for several reasons. First, pHLH constitutes 
genetically heterogeneous disorders that are characterized by defective cytotoxic T 
lymphocyte (CTL) and natural killer (NK) cell cytolytic activity and include life- 
threatening immunodeficiencies, as well as predisposition to development of lym- 
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phoproliferative diseases (LPD). Therefore, it would be important for patients with 
pHLH to be started on infectious prophylaxis, and be periodically monitored for 
LPD. Second, the diagnosis of genetic lesions associated with pHLH bears impor- 
tant implications as to whether the patient should receive a hematopoietic stem cell 
transplant (HSCT) in order to avoid the future recurrence of HLH and/or LPD. Third, 
identification of genetic lesions in a patient may precipitate the genetic testing of 
blood relatives, in order to diagnose other affected family members. 

The pathogenesis of HLH is described in greater detail in chapter “CD8* T Cell 
Biology in Cytokine Storm Syndromes” and will not be covered here. Yet, germane 
to this chapter, it is important to note that CTL and NK cells not only kill infected 
or transformed cells, they also cull antigen presenting cells (APCs), leading to the 
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Fig. 1 Model of HLH pathogenesis. Depicted is a schematic summarizing some of the major 
mechanisms thought to lead to IFNy production during HLH. Antigen presenting cells display 
peptide/MHC I complexes to the T-cell receptor of a CD8+ cytotoxic T lymphocyte. This results in 
a signal to produce and secrete IFNy as well as a signal to activate the release of perforin and gran- 
zyme B. Release of perforin and granzyme B requires the coordination of a number of gene prod- 
ucts to successfully accomplish sorting of these proteins to the correct vesicle, polarization of these 
vesicles to the immune synapse, docking of the vesicle with the plasma membrane, and priming 
and fusion of the vesicle. Loss of function of any of the genes required for this process (listed in 
italics underneath each function) results in the inability of perforin to reach the antigen presenting 
cell. Perforin normally would form a pore in the antigen presenting cell, allowing granzyme B to 
reach the cytoplasm and induce apoptosis, killing the cell and thereby eliminating further antigen 
presentation, stimulation of the CD8+ cytotoxic lymphocyte, and continued IFNy production. In 
the absence of functional perforin capability, this does not happen and unchecked IFNy production 
leads to disease manifestations. Increasingly, non-perforin related activities are being recognized 
as critical for this process as well, including the IL-1 family members IL-1, IL-18, and IL-33. 
Genetic constitutive activation of the NLRC4 inflammasome leads to overproduction of IL-1f and 
IL-18, with IL-18 in particular leading to the secretion of IFNy. IL-1 in other circumstances, such 
as Systemic Juvenile Idiopathic Arthritis, has been noted to be potentially part of disease progres- 
sion. IL-33 has recently been established as being required in addition to T cell receptor signaling 
for the production of pathogenic IFNy in HLH 
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removal of the depots of antigen, and the termination of ongoing immune responses 
(Fig. 1). CTL and NK cells perform these cytotoxic functions by either the exocyto- 
sis of granules containing perforin and granzymes, or via a non-secretory pathway 
that involves the upregulation of surface expression of death ligands such as Fas 
ligand (CD95L or CD178) or tumor necrosis factor (TNF)-receptor apoptosis- 
inducing ligand (TRAIL; CD278). Interestingly, many of the pHLH syndromes 
involve defects in the ability to induce cytotoxicity via the granule exocytosis path- 
way; these defects disrupt either the proper formation of full-length perforin or the 
trafficking, docking, or exocytosis of cytotoxic granules. This granule exocytosis 
pathway is not only used for the packaging and delivery of apoptosis-inducing pro- 
teins at the immune synapse, they are also used in melanocytes to deliver melanin 
pigment to keratinocytes; this shared biology therefore explains the overlap of cer- 
tain pHLH syndromes with hypopigmentation and oculocutaneous albinism. 

Finally, certain pHLH genetic mutations also appear to predispose patients to 
severe and even fulminant infections with Epstein-Barr virus (EBV), and/or EBV- 
mediated lymphoproliferative diseases (EBV LPD). In this chapter, we provide an 
overview of the pHLH syndromes and their relevant genetic mutations, including 
those associated with hypopigmentation and the syndromes associated with EBV 
LPD (summarized in Table 1). 


Primary HLH Without Hypopigmentation 


pHLHI 


pHLH1-linked locus on chromosome 9q21.3 was identified in 1999 in four consan- 
guineous Pakistani families by using homozygosity mapping [1]. The affected indi- 
viduals all presented with clinical and laboratory criteria consistent with 
HLH. Although the authors of this study speculated on the involvement of two 
genes (CKS2 and GAS/) from within the identified region, to date no causative 
genes have been definitively linked to this locus. 


pHLH2: Perforin Deficiency 


Perforin deficiency is caused by mutations in the perforin gene, which in humans is 
located on chromosome 10q21 (syntenic with mouse chromosome 10) [2]. Mutations 
in PRFI were the first to be associated with pHLH [3], and depending on ethnic 
origin, pHLH2 currently accounts for 20-30% of all pHLH cases worldwide [4, 5] 
and up to 50% of pHLH cases in African American patients [6, 7]. 

Even though the perforin gene sequence is homologous with that of the channel- 
forming, complement proteins (C6—C9), the perforin locus is not linked to that of 
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the genes involved in the terminal complement pathway [2]. The perforin gene con- 
sists of 3 exons; exons 2 and 3 are translated and encode a 555-amino acid polypep- 
tide, whereas the exon 1 is untranslated [8]. The perforin protein consists of three 
domains: the membrane attack complex/cholesterol-dependent cytolysin (MACPF/ 
CDC) domain, the epidermal growth factor (EGF-like) domain and the carboxyl- 
terminal (C2) domain [9]. Full length perforin forms a soluble, pore-forming pro- 
tein that is normally stored within the cytotoxic granules of a variety of T and NK 
cell populations, and gets secreted in a targeted manner at the immune synapse 
between these cytolytic effector lymphocytes and cells undergoing immune surveil- 
lance [9]. Mutations in any of the three domains of perforin result in either decreased 
protein expression or the complete absence of intact protein in the granules that are 
necessary for T and NK cell cytolytic function. 

More than 90 different mutations in the PRFI gene have been described thus far 
in pHLH2 patients, including missense, nonsense, and microdeletion mutations 
along the length of the chromosome. Although not absolute, the age of onset for 
patients with nonsense mutations tends to be earlier than that of patients with 
missense mutations [10—12]. Missense mutations fall into three subclasses based on 
expression of human perforin in rat basophilic leukemia (RBL-1) cells, as first pre- 
sented by Risma et al. in 2006 [13]. Class 1 mutations result in partial maturation of 
perforin and variable cytotoxic function, while class 2 mutations abrogate the matu- 
ration of perforin and class 3 mutations lead to protein misfolding and increased 
degradation [13]. Clinically, patients with class 1 mutations present with later dis- 
ease onset compared with the other two classes. Patients class 2 and 3 mutations 
present with severe HLH within the first 6 months of life, whereas patients with 
decreased perforin function (atypical form of pHLH2) present with other clinical 
manifestations (aplastic anemia, recurrent fever, sterile encephalitis) and later onset 
of disease [14], some as late as the seventh decade of life. 

Interestingly, some PRFJ mutations follow a geographical distribution, as 
recently shown by Willenbring et al. [15]. Moreover, some mutations recur in cer- 
tain populations, suggesting a possible founder effect. For instance, the L364 frame- 
shift (1090delCT) mutations is present in Japanese families, the Trp374 stop 
(G1122A) is found frequently in Turkish origin families and is associated with 
early-onset disease [12], and in South Asian population, missense mutations result- 
ing in Vall45Ala, Ala211 Val, Ala437Val, and Arg232His substitutions have been 
frequently described, whereas in Latino populations, the substitutions [le266Val 
and Gly149Ser are the most frequent. The L17 frameshift (SOdelIT) alteration along 
with missense mutations Arg4His and Vall35Met constitute more than 50% of 
pHLH2 mutations in patients of African descent; these patients also appear to pres- 
ent with very early disease onset [7]. Finally, Ala91 Val (A91V) substitution muta- 
tion, resulted by the common polymorphism C272T, results in a 50% reduction in 
perforin activity and is present in 8—9% of the Caucasian population [16]. The 
majority of homozygous PRF/47'"“"'Y patients present with severe immunodefi- 
ciency, whereas A91V heterozygosity (PRF/4”'“*) has been linked with immune 
disorders and hematologic malignancies (including leukemia/lymphoma), and com- 
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pound heterozygosity of A91V and a mutant allele with “null” activity results in 
pHLH [16]. 


PHLHA3: Munc13-4 Deficiency 


pHLH3 was first described by Feldmann et al. in 2003 [17] in ten patients from 
seven different families. pHLH3 was shown to be caused by homozygous or com- 
pound heterozygous mutations in the UNC/I3D gene (located on chromosome 
17q25 in humans), which encodes for Munc13-4 protein [17]. All patients presented 
with fever, hepatosplenomegaly, pancytopenia, coagulation abnormalities and signs 
of hemophagocytosis in the bone marrow, associated with increased numbers of 
activated T cells [17]. UNCI3D gene includes 33 exons and encodes a 123 kDa 
protein that contains two calcium-binding (C2) domains divided by two Munc13 
homology domains (MHD1, MHD2) [18]. Mutations in UNC/3D include deletion, 
insertion, missense, nonsense, or splice-site alterations, as well as those affecting 
mRNA splicing; these mutations typically lead to significant changes in either the 
protein structure or its expression. Consistent with this, in a recent study Schulert 
et al. described a novel UNC/3D gene intronic variant (c.117 + 143A>G), which 
was found to reduce Munc13-4 transcript levels and to also alter the binding of 
NF«B to a transcriptional enhancer element; they further demonstrated that a partial 
reduction in Munc13-4 was associated with defective NK cell degranulation [19]. 
Overall, mutations in the UNC/3D gene are responsible for about 30% of pHLH 
cases [5]. While a correlation has been suggested to exist between the 847A>G 
(1283V) mutation and African American patients, no other significant correlations 
between ethnic groups and specific mutations have been definitively demonstrated. 

Munc 13-4 is essential for the release of cytolytic granules from the cytoplasmic 
membrane at the immune synapse. In fact, T lymphocytes that lack Munc13-4 still 
have cytotoxic granules docked at the cytoplasmic membrane, but these granules 
fail to be released, supporting that notion that defects in Munc13-4 is necessary for 
granule exocytosis [17]. Moreover, lack of Munc13-4 does not result in defects in 
the secretion of IFN-y and in conjugation and polarization of lymphocytes with 
target cells. Furthermore, perforin expression is either normal or increased in 
patients with pHLH3 [17]. Of note, Munc13-4 differs from the other Munc13 pro- 
teins in that it is not expressed in the brain, although it is highly expressed in T and 
B lymphocytes, monocytes, and in non-hematopoietic tissues such as the lungs and 
placenta. Despite its lack of expression in the brain, CNS involvement is observed 
more frequently with pHLH3 than that in pHLH2 [20, 21]. 

HLH in patients with pHLH3 typically presents in the first year of life. 
Phenotypically, patients with pHLH3 are similar to patients with perforin deficiency 
(pHLH2). Of interest, prenatal onset in utero has also been reported [22]. Moreover, 
several atypical manifestations including increased susceptibility to infections, 
hypogammaglobulinemia, granulomatous disease of the lung and liver have been 
described, especially in patients with splice site or missense mutations [23, 24]. 
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These clinical manifestations resemble those seen in common variable immunode- 
ficiency (CVID). Patients with recurrent episodes of HLH may develop a CVID-like 
manifestations, triggered by the impact of chronic activation of macrophages and T 
cells on B cell differentiation in lymphoid organs. Interestingly, Munc13-4 defi- 
ciency may also affect mast cell degranulation and platelet function, but no clinical 
correlations have been reported [25]. 


pHLH4: Syntaxin 11 Deficiency 


Mutations in the Syntaxin 11 gene (S7X//; located on chromosome 6q24 in 
humans), are associated with the development of pHLH4. This syndrome was first 
described using genome-wide homozygosity in a large consanguineous Kurdish ori- 
gin family in 2005 [26]. The STX// gene consists of nine exons and spans a 37 kb 
genomic interval. Only exon 2 is translated and gives rise to a protein that consists 
of 287 amino acid residues [26]. 

Syntaxin 11 is a member of the target membrane-associated soluble 
N-ethylmaleimide sensitive factor-attachment protein receptor ((SNARE) family 
[26]. These proteins play a vital role in granule membrane fusion, thus regulating 
the release of cytotoxic granules. STX11 is expressed in monocytes, NK, and CD8* 
T cells and participates in vesicle priming and membrane fusion [27]. Mutations 
identified in STX// gene are mostly null mutations and result in defective degranu- 
lation and abrogation of NK cell cytotoxicity. Importantly, interleukin 2 (IL-2) stim- 
ulation has been shown to partially restore NK cell degranulation and cytotoxicity. 
Finally, T cell cytotoxicity in patients with pHLH4 may also be spared [28]. The 
precise step of the cytotoxic pathway that is regulated by STX11 is yet to be further 
characterized. The IL-2-mediated amelioration of STX11 function and the lineage- 
specific differential effects of STX11 loss may collectively explain the less severe 
clinical course observed in pHLH4 patients. 

Currently, pHLH4 represents approximately 20% of all pHLH cases. The homo- 
zygous mutation Vall 124fsX60 was found in all patients of the Kurdish family and 
was associated with an early termination codon and complete loss of STX11 pro- 
tein. Furthermore, a 5 bp deletion, a large 19.2 kb deletion spanning the entire cod- 
ing region of STX11 exon 2, and a nonsense mutation that lead to a premature stop 
codon were also detected in five families with pHLH4 [26, 29, 30]. While many 
pHLH4 mutations have been described in families with Turkish and Kurdish origin, 
Caucasian patients and those of Hispanic origin have also been shown to harbor 
pHLH4 mutations [31]. 

In patients with pHLH4, age of onset of HLH is usually later than in pHLH2 and 
3, typically after the second year of life. In a study published in 2006, one patient 
with pHLH4 was noted to have developed lymphoma [29]. The clinical course of 
pHLH4 also appears to be less severe than that of patients with perforin deficiency. 
Of interest, in a study performed in three patients of Caucasian and Hispanic origin, 
two novel mutations of STX11 were detected [31]. The first two patients, born to 
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consanguineous Hispanic parents, had the homozygous nonsense 73G>T (E25X) 
mutation that resulted in lack of STX11 protein. In both patients poor NK cell 
degranulation and cytotoxicity, accompanied by early onset of disease were 
reported. The third patient from a Caucasian family, possessed two biallelic hetero- 
zygous missense mutations, the first to be described in STX11 gene, the 106G>C 
(E36Q) that is located in the N-terminal region of STX11 and the 616G>A (E206K) 
that results in a non-conservative replacement of glutamic acid located proximal to 
the SNARE core motif [31]; interestingly, this mutated STX11 protein still allowed 
for normal NK cell degranulation and in vitro cytotoxicity, which could explain the 
patient’s later disease onset and more favorable response to therapy. Finally, com- 
plex congenital heart defects were observed in some patients [31], which may be 
associated with the expression of STX11 in the heart tissue and needs to be further 
studied. 


PHLHS: Munc18-2 Deficiency 


Homozygous or compound heterozygous mutations of the syntaxin-binding-protein 
2 (STXBP2) gene are associated with the development of pHLHS, first described by 
two independent groups in 2009 [32, 33]. The STXBP2 gene is located on chromo- 
some 19p13, which encodes for the mammalian uncoordinated protein 18-2 
(Munc18-2) [32]. Munc18-2 protein is a member of the Munc-18/Sec1 family of 
fusion accessory proteins, which along with SNARE proteins play a crucial role in 
membrane fusion. Similar to syntaxin 11, Munc18-2 is variably expressed [32, 33]. 

Zur Stadt et al. studied 15 patients with HLH (14 Turkish origin, 1 Saudi Arabia 
origin) from consanguineous family backgrounds that were known to not harbor 
mutations in PRF1, UNC13D or STX11. Using autozygosity mapping they detected 
9 homozygous and heterozygous mutations in 12 patients, five missense mutations 
affecting highly conserved residues, one in-frame and two frameshift deletions, as 
well as a mutation at the splice acceptor site of exon 15 of the STXBP2 gene [32]. 
They also observed allelic heterogeneity at this locus, as the same mutation was 
found in Turkish and Saudi Arabian families even after a founder effect was 
excluded. In another study by Cote et al. complete absence of Munc18-2 due to a 
P477L mutation was associated with early onset and more severe disease course 
[33]. On the contrary, a hypomorphic mutation was related to delayed disease onset 
[33]. 

Mutations in the STXBP2 gene affect protein stability and expression [26, 33]. 
Interestingly, lymphoblasts that are Munc18-2 deficient are found to have low 
STX11 levels, suggesting that STX11 is not only the main partner of Munc18-2 in 
lymphocytes but that the former is required for stable expression of the latter. 
Cytotoxicity assays have shown that Munc18-2 deficient NK cells and CTL have 
decreased killing due to impaired cytotoxic granule exocytosis, as evidenced by 
decreased or absent surface CD107a expression [33]. Of note, although the precise 
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mechanism of action of Munc18-2 is still being elucidated, defects in cytotoxicity 
and degranulation are partially reversible via IL-2 stimulation. 

The majority of patients with STXBP2 gene mutations develop HLH in first 
6 months of life. On the other hand, certain patients with features of CVID present 
with milder clinical manifestations and later onset of HLH; this appears to be asso- 
ciated with c.1247-1G > C splice site mutations in exon 15 [26, 33]. Interestingly, 
in one study, chronic diarrhea that necessitated parenteral nutrition was present in 
14 out of 37 patients with early-onset pHLHS. Diarrhea preceded the pHLHS diag- 
nosis and persisted even after HSCT in six out of eight patients [34]. Moreover, 
sensorineural hearing loss was also observed in six patients (between 4 and 17 years 
of age), whereas other neurological manifestations, bleeding disorders, and hypo- 
gammaglobulinemia were also reported [35]. Finally, Hodgkin disease was diag- 
nosed at age 9 years in a patient with biallelic STXBP2 mutations [35]. 


Primary HLH with Hypopigmentation 


Griscelli Syndrome 2 


Biallelic mutations in the RAB27a gene, located on the 15q21 chromosome, are 
responsible for the development of Griscelli syndrome 2 (GS2). The RAB27a gene 
gives rise to a 221-amino acid polypeptide with 25 kDa molecular mass [36, 37]. 
The RAB27a gene encodes the Rab27a protein, a small GTP-binding GTPase pro- 
tein, that is ubiquitously expressed [36]. Thus far, 45 mutations including nonsense 
mutations, deletions, splice-site alterations, single-nucleotide insertions and few 
missense mutations have been identified in the RAB27a gene in approximately 100 
patients [36]. Most mutations typically result in loss-of-function of Rab27a protein 
via early protein truncation of the carboxyl-terminal motif that participates in pro- 
tein geranyl-geranylation. Notably, in some patients with GS2 no disease-causing 
mutations could be identified. 

Griscelli syndrome 2 was initially described in 1978 in patients who presented 
with partial albinism and immunodeficiency—manifestations resembling Chediak— 
Higashi syndrome—but were distinguished by a different pattern of hypopigmenta- 
tion and absence of giant lysosomal granules in leukocytes [38]. Patients with GS2 
present with cutaneous pigmentary dilution, silvery-gray hair and accumulation of 
melanosomes in melanocytes [39-41]. Defects in the protein complex formed by 
Rab27a (along with melanophilin and myosin-Va) have been shown to be respon- 
sible for capturing mature melanosomes and transferring these to keratinocytes. 
This defect explains the accumulation of melanosomes in melanocytes. In addition 
to defects in Rab27a, pigmentary dilution with primary neurological manifestations 
are also found in GS1, which is caused by mutations in the myosin-Va (MYOSA) 
gene (chromosome 15q21.2 in humans); finally, GS3 is caused by mutations in the 
melanophilin (MLPH) gene (chromosome 2q37.3 in humans). 
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Importantly, patients with GS2 may develop recurrent HLH with waxing and 
waning phases. Infections are typically involved as a trigger for the development of 
HLH in these patients by eliciting continuous activation and proliferation of T cells 
and macrophages. Of note, activated lymphocytes and macrophages can infiltrate 
the brain of patients with GS2 and give rise to secondary neurological manifesta- 
tions such as seizures, meningitis or coma [36, 41]. Conversely, the neurological 
manifestations seen in patients with GS 1 appear to be primary in origin, as opposed 
to the secondary neurological manifestations that present with CNS involvement of 
activated lymphocytes in GS2 [36]. Lastly, mutations in the RAB27a gene predis- 
pose to the development of HLH by their effects on granule exocytosis. Variable 
defects in cellular immunity have also been reported. GS1 and GS3 present with 
similar defects in their melanosome, but do not have defective cytotoxicity; hence, 
they do not predispose to HLH [39]. 

Rab27a-deficient NK cells and CTLs demonstrate impaired exocytosis of cyto- 
toxic granules. Remarkably, interactions between RAB27a and Munc13-4 are criti- 
cal for the exocytosis of lytic granule by coordinating docking and priming of lytic 
granules [42, 43]. Indeed, RAB27a deficient cytotoxic granules cannot reach the 
immune synapse to dock to the plasma membrane. Lastly, polarization of cytotoxic 
granules can be delayed by a heterozygous RAB27a mutation [44]. 


Chediak-Higashi Syndrome 


Mutations in lysosomal trafficking regulator (LYST) gene, also known as CHS/ 
gene, are responsible for the development of Chediak-Higashi syndrome (CHS). 
The LYST gene, located on chromosome 1q43 in humans, consists of 61 exons and 
gives rise to a ubiquitously expressed cytosolic protein (425 kDa) consisting of 
3801 amino acids [45, 46]. 

The CHS1/LYST protein constitutes a member of the vesicle trafficking regula- 
tory proteins named “beige and Chediak—Higashi” (BEACH) proteins [47]. This 
gene was first described in mice that had an altered beige coat color [48]. BEACH 
proteins are reported to play important roles in membrane dynamics and receptor 
signaling [49, 50]. The significant length of the LYST gene and the exonic complex- 
ity makes the LYST gene prone to mutations. Of note, the majority of LYST genetic 
abnormalities identified thus far are nonsense or frameshift mutations that result in 
the truncation of the protein and the impairment of protein function [51]. Genotype- 
phenotype correlations for CHS were first described in 2002 by Karim et al. [51]. It 
appears that patients with homozygous mutations that lead to truncated protein 
present with early onset of severe clinical manifestations of CHS and HLH with an 
“accelerated phase,” which is typically fatal without bone marrow transplantation. 
This accelerated phase is characterized by fever, increasing hepatosplenomegaly 
and lymphadenopathy, bleeding, and worsening pancytopenia; this phase can be 
triggered by viruses including EBV infections, which can predispose to develop- 
ment of all of the features of pHLH. On the other hand, phenotypic heterogeneity 
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has been documented even in patients with homozygous mutations within the same 
family [51]. Missense mutations have been shown to give rise to milder clinical 
aspects of CHS, typically in adults who may or may not present with HLH. 

Clinically, patients with CHS typically present with hypopigmentation of hair 
and skin, and a predisposal to recurrent pyogenic infections (especially of the skin, 
respiratory tract and mucous membranes), bleeding diathesis, and progressive 
impairment of neurological function. Other manifestations include oral ulcers, gin- 
givitis and periodontal disease [52], and enterocolitis [53]. The time of diagnosis is 
typically within the first ten years of life, and is usually precipitated by an uncon- 
trolled EBV infection, although some cases are diagnosed in adulthood. Importantly, 
patients with CHS develop neurological manifestations either early in the disease 
course or after childhood. Notably, in CHS patients the neurological manifestations 
are primary and are not believed to be caused by the infiltration of the central ner- 
vous system with macrophages and activated lymphocytes, as has been described 
for GS2 syndrome. Hence, it is clinically important to distinguish between patients 
with CHS and GS2. 


Hermansky—Pudlak Syndrome 2 


Homozygous or compound heterozygous mutations in the gene that encodes the 
beta-3A subunit of the AP3 complex (AP3B1) gene, located on chromosome 
5q14.1 in humans, result in Hermansky—Pudlak syndrome 2 (HPS2), an autosomal 
recessive lysosomal trafficking disorder [54]. HPS is an autosomal recessive disor- 
der in which abnormal biogenesis of lysosome-related organelles lysosomal storage 
of ceroid lipofuscin is believed to result in a number of multisystemic clinical mani- 
festations. There are ten human genetic disorders in the HPS group. While HPS is 
generally rare, type 1 HPS appears to have an elevated incidence in those of Puerto 
Rican descent [55], with most of the carriers and the affected patients carrying the 
same 16-bp duplication in exon 15 of HPS/ (chromosome 10q23) [56]. 

The HPS types share common clinical features such as tyrosinase positive 
hypopigmentation and oculocutaneous albinism, as well as platelet defects due to 
abnormalities in dense (delta) granules [57, 58]. An additional clinical manifesta- 
tion in some patients is chronic neutropenia; while this is reversible in some patients 
by administration of granulocyte colony stimulating factor (G-CSF) [59], it can 
predispose to recurrent infections, and bleeding. Patients with HPS2 may also have 
facial dysmorphisms, developmental delays, nystagmus, and neurological manifes- 
tations including hearing loss. Finally, some patients with HPS2 also develop pul- 
monary fibrosis and interstitial lung disease, as well as granulomatous colitis [60, 
61]. 

The AP3 complexes are either ubiquitous or neuron-specific cytoplasmic com- 
plexes that consists of multiple subunits. In HPS, the beta-3A protein, which is a 
component of the AP3B1 complex, is defective. This complex shuttles cargo pro- 
teins from the trans-Golgi and tubular-endosomal compartment to endosome- 
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lysosome related organelles [62, 63]. Thus, AP3 plays a vital role in protein sorting 
to lysosomes. Defects in the AP3 complex result in disruption of the complex and 
rapid degradation of the subunits. 

While HPS can be caused by several gene defects, only HPS2 is associated with 
pHLH. HPS2 was first described in 1999 by Dell’ Angelica et al. in two male sib- 
lings that were found to have heterozygous mutations in the gene that encodes the 
B3A subunit of the AP3 adaptor complex [54]. Later, heterozygous nonsense muta- 
tions in the AP3B1 gene were detected in a patient with severe clinical presentation 
consistent with HPS2 [54]. Finally, a homozygous deletion was reported in two 
patients from a consanguineous family of Turkish origin twelve years after the orig- 
inal report of the patients using genetic linkage analysis and targeted gene sequenc- 
ing [57, 64]. 

AP3 deficiency is associated with abrogation of cytotoxicity in CTL and NK 
cells due to impaired biogenesis and degranulation of lytic granules that contain 
perforin. Clark et al. found that AP3 deficient CTLs derived from patients with 
HPS2 showed reduced cytotoxicity when exposed to target cells, and demonstrated 
that this defect was due to a secretory defect [65]. Despite this defect in cytotoxicity 
and degranulation, few patients with HPS2 patients appear to develop HLH, 
suggesting that risk of developing HLH is lower in HPS2, as compared to other 
pHLH syndromes such as GS2 or CHS. Interestingly, in one of the patients with 
HPS2 that developed HLH, a heterozygous RAB27a mutation was also detected, 
begging the question of whether some HPS2 patients may harbor additional muta- 
tions that may further predispose to the development of HLH [66]. 


Primary HLH Associated with EBV LPD 


Primary Epstein—Barr virus (EBV) infection can induce the development of EBV- 
HLH. Even though the exact mechanism of EBV-HLH has not been elucidated, it 
has been reported that EBV-infected B cells have the ability to induce the robust 
proliferation of CD8* cytotoxic T lymphocytes. This T cell activation is believed to 
lead to the exuberant activation of macrophages and hypercytokinemia (“cytokine 
storm’’) [67, 68]. In certain instances, EBV can has also been demonstrated to infect 
NK and T cells; this appears to occur more commonly in Asian and South American 
populations, and leads to chronic viremia, infiltration of organs with virally infected 
lymphocytes, lymphoproliferative disorders (LPDs), and/or EBV T/NK cell lym- 
phomas [69]. 
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ITK Deficiency 


First described in two sisters of consanguineous Turkish descent in 2009 [70], ITK 
(interleukin-2-inducible tyrosine kinase) deficiency results from biallelic mutations 
in the JTK gene (on chromosome 5q in humans). Since 2009, a number of patients 
from a variety of other ethnic backgrounds have been described [70-76]. Most of 
these patients presented clinically with massive EBV LPD, manifesting as fever, 
lymphadenopathy, hepatosplenomegaly, EBV viremia, and in some, pulmonary 
nodules [75]. In other patients, additional viral infections were also noted (e.g., 
cytomegalovirus or varicella), in addition to nephritis, thyroiditis, and predisposi- 
tion to Pneumocystis jirovecii infections and pHLH. 

The /TK gene comprises 18 exons that encode for a 620-amino acid 71 kDa pro- 
tein tyrosine kinase of the TEC/BTK family [71]. These kinases are important for 
development and signaling in specific lymphoid lineages. Structurally ITK resem- 
bles Bruton’s tyrosine kinase (BTK), consisting from the N-terminus of a pleckstrin 
homology domain, a Tec homology domain, an Src homology 3 (SH3) and an Src 
homology 2 (SH2) domain, and a C-terminus catalytic kinase domain. Mutations in 
the pleckstrin homology, the SH2, and the catalytic domains have all been described 
[71]. 

While most of these mutations do not appear to decrease ITK protein levels, 
affected T cells have been shown to display decreased Ca”* mobilization [71]. This 
is consistent with the way in which ITK is believed to function in T cells. Upon T 
cell receptor ligation, ITK is phosphorylated and activated by another Src family 
kinase, LCK, allowing ITK to phosphorylate phospholipase C gamma 1 (PLCy1), 
which leads to cleavage of phosphatidyl inositol substrates and results in Ca** mobi- 
lization and further phosphorylation events via ERK and MAP kinase pathways, 
and the translocation of cytosolic nuclear factor of activated T cells (NFAT) to the 
nucleus to allow for new gene transcription, cytokine production, and T cell differ- 
entiation and clonal expansion [77, 78]. In the absence of ITK, patients develop 
certain common immunologic features, including progressive loss of CD4* T cells 
and onset of hypogammaglobulinemia. Of note, in a study from ITK-deficient mice 
it was shown that in the absence of ITK, the CD8* T-cell expansion and maturation 
to CTLs is impaired and results in decreased CD8* T-cell cytotoxic responses [79]. 
Also, ITK deficient patient have deficient response in EBV infections. Although the 
exact mechanism is not yet delineated, it could be explained by the defective matu- 
ration and expansion of CD8* T cells against EBV. 


CD27 Deficiency 


CD27 deficiency is caused by biallelic mutations in the CD27 gene, which in 
humans is located on chromosome 12 (12p13.31). The CD27 gene encodes the 
costimulatory protein tumor necrosis factor superfamily receptor (TNFSFR) 7, 
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which is highly expressed on T cells and memory B cells [69]; in fact, lack of 
CD27-expressing B cells is often seen in B cell differentiation abnormalities, includ- 
ing CVID. 

CD27 binds to its ligand, CD70 (TNFSF7), to enhance T-cell survival and expan- 
sion. CD27-CD70 interactions are also important for lymphocyte effector functions, 
including those necessary for control of EBV by CD8* T cells. As such, CD27 defi- 
ciency is the latest of 11 genetic disorders described thus far that are associated with 
immunodeficiency and EBV LPD. While CD27 deficiency and four other gene 
mutations discussed here (XLP1 and 2, ITK deficiency, and MAGT1 deficiency) 
share susceptibility to pHLH and EBV LPD, five other genetic syndromes (includ- 
ing mutations in WAS [Wiskott—Aldrich syndrome] [80], COROJA [Coronin actin 
binding protein 1A] [81], MSTI/STK4 [Mammalian sterile 20-like kinase 1/Serine- 
threonine protein kinase 4] [82], DCLREIC [DNA cross-link repair 1C] [83], and 
IL10 [interleukin 10] [84]) include EBV LPD in the absence of HLH. 

The first 10 patients with CD27 deficiency were identified from 4 kindreds; these 
patients all harbored homozygous mutations (c.G24A/p.W8X and c.GI158A/p. 
C53Y [85, 86], but other novel mutations have since been described, including one 
patient with deficiency caused by compound heterozygous mutations [87]. 

Immunologic analyses in these latter patients revealed a decreased percentage of 
central memory cytotoxic T cells and Ty17-like CD3* cells, but normal frequencies 
of Trec, invariant natural killer T GNKT) cells and recent thymic emigrants; some 
individuals had expanded CD8* T cells, leading to inverted CD4:CD8 T cell ratios. 
Additionally, the majority also displayed impaired NK cell function. To date almost 
all CD27 deficient patients that have been described presented with EBV LPD 
(B-cell lymphoma, Hodgkin’s lymphoma) and EBV-triggered HLH [87]. Finally, 
uveitis and oral ulcers have also been described [87, 88]. 

While predisposition to EBV-mediated diseases are prominent in CD27 defi- 
ciency [85, 89], humans and mice in whom CD27-CD70 interactions were disrupted 
also displayed impaired immunity against other pathogens including influenza 
virus, lymphocytic choriomeningitis virus (LCMV), vesicular stomatitis virus 
(VSV), and even Listeria monocytogenes [90-92]. 


MAGTI Deficiency 


First described in 2011, MAGTI (magnesium transporter 1) deficiency results in 
XMEN syndrome (X-linked immunodeficiency with magnesium defect, EBV infec- 
tion, and neoplasia), due to hemizygous mutations in MAGTI gene [93]. In humans, 
the MAGT1 gene sits on the X chromosome (Xq21.1) and encompasses 10 exons, 
allowing for 3 protein coding isoforms, consisting of 367, 355, and 134 amino acids 
[93, 94], with the full-length protein comprising of a predicted signaling sequence 
in the amino terminal segment and a consensus phosphorylation site in the carboxy 
terminus. Thus far, there are 11 male patients described in the literature with 
MAGTI1 deficiency [93, 95]. The mutations described appear to be randomly 
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distributed in the various exons, although mutations in the intronic sequence and the 
3’ UTR have also been described [96]. Typically, patients present with splenomeg- 
aly, CD4* T cell lymphopenia (with reversal of CD4:CD8 T cell ratio), chronic EBV 
infection with elevated numbers of EBV-infected B cells, and eventually the devel- 
opment of EBV-associated B-cell lymphomas. The immunodeficiency in these 
patients usually manifests with frequent sinopulmonary infections, epiglottitis, and 
diarrhea. Other less common manifestations include presentation with HHV-8 
Kaposi’s sarcoma [97]. Copy number variations in MAGTI have also been associ- 
ated with skin disorders [98] and intellectual disabilities [99], although the latter 
association has been questioned by a more recent analysis by the NHLBI of a large 
number of X chromosomes from “normal” subjects [100]. 

The MAGTI gene encodes a ubiquitously expressed transmembrane transporter 
which participates in the maintenance of free basal intracellular Mg”* pools. MAGT1 
is evolutionarily conserved and does not have structural similarity to other Mg” 
transport proteins [96]. The tumor suppressor TUSC3 is a human gene paralog to 
MAGTI [101], although TUSC3 has more limited tissue distribution and appears to 
be more permissible in its substrate specificity [102]. 

The MAGT1 protein localizes to the plasma membrane and mediates voltage- 
dependent Mg’ transport in a selective manner [102]. Specifically, after T cell 
receptor engagement, MAGT1 mediates a transient influx of Mg” that is required 
for the activation of phospholipase C gamma 1 (PLCy1), which subsequently drives 
a rise in Ca** and downstream signaling [93]. As such, abolishment of MAGT-1 
function has been shown to impair TCR-mediated signaling in T cells [93]. In 
addition, MAGTI appears to also be required for the expression and function of 
NKG2D (natural killer receptor group 2 member D) and DAP10 (DNAX activation 
protein 10), which are expressed by NK, yo T, and CD8*, and certain subsets of 
CD4* T cells [103]. Importantly, NKG2D recognizes self ligands that are induced 
by cellular stress (e.g., senescence, infection, or malignancy) and are important for 
clearance of such cells. Consistent with this function, NKG2D ligands are upregu- 
lated on EBV-infected B cells, and MAGT 1-deficient CD8* T cells display defective 
cytotoxic activity against EB V-transformed B cells [104]. Notably, NKG2D expres- 
sion, cell cytotoxicity, and immunity to EBV in MAGT1-deficient patients are 
restored by supplementation of magnesium in vivo and in vitro [103]. Curiously, 
while MAGT1-deficient B cells also demonstrated defective Mg™ homeostasis, 
when stimulated via the immunoglobulin receptor, these cells display a heightened 
influx of Ca’* and increased phosphorylation of B cell receptor-associated signaling 
proteins, resulting in elevated frequencies of CD19* and marginal zone B cells and 
decreased proportions of plasma cells [105], implying that MAGT1 deficiency may 
contribute to the array of disorders seen in patients with XMEN syndrome. 
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X-linked Lymphoproliferative Disease (XLP) 


XLP encompasses a rare inherited immunodeficiency with an approximate inci- 
dence of one in a million males. XLP, was initially identified as Duncan disease by 
Purtilo et al. in 1970s [106]. Patients were described as boys who presented with 
cytopenias, hypogammaglobulinemia, and fulminant EBV mononucleosis or EBV- 
LPD. Since this initial description, however, two different genetic mutations (XLP1 
and XLP2) have been described that associate with the clinical features typical of 
XLP syndrome. 


XLP1: SAP Deficiency 


The gene responsible for the development of XLP1 was initially described using 
positional and functional cloning methods by three different research teams in 1998 
[107-109]. The SH2 domain protein 1A (SH2D/A) gene is located on chromosome 
Xq25 in humans, consists of 4 exons, and encodes for a 128-amino acid protein, 
consisting of a 5-amino acid N-terminal sequence, an SH2 domain and a 25-amino 
acid C-terminal tail. The protein encoded by SH2DI/A is called the signaling- 
lymphocytic-activation molecule (SLAM)-associated protein (SAP) [110]. Defects 
in SAP have been described to arise from a variety of mutations including inser- 
tions, deletions, single nucleotide substitutions and splice-site abnormalities. XLP1 
is inherited as an X-linked recessive syndrome, with de novo mutations being rare. 
Recently, the ArgSSstop mutation was identified in 4 out of 21 families of Japanese 
origin with XLP1, suggesting that it may be a mutational hotspot. Yet there is no 
strong racial or ethnic predispositions for XLP1 [111, 112] and genotype—pheno- 
type correlations appear to be poor, with considerable phenotypic variability being 
observed in family members harboring the same genetic mutation [113]. While 
XLP1 is a disease of males, and female carriers are typically asymptomatic, some 
females can be partially or fully affected due to skewed or unbalanced X-inactivation 
or lyonization [114]. Finally, certain patients display spontaneous somatic reversion 
[115]—further complicating phenotype—genotype correlations. 

The three most common clinical manifestations of XLP1 are fulminant infec- 
tious mononucleosis (FIM) due to EBV (over 50% of patients), dysgammaglobu- 
linemia (in 20-30% of patients), and development of lymphoproliferative disease 
(LPD; in up to 30% of patients) [116]. While the EBV-induced FIM appears to be 
the most common manifestation, the dysgammaglobulinemia and LPD can occur in 
the absence of prior exposure to EBV [117, 118]. FIM is associated with HLH 
physiology and can be severe, although HLH can occur in response to other triggers. 
While the LPD is most commonly either due to diffuse large B cell lymphoma 
(DLBCL) or Burkitt’s lymphoma, T cell lymphoma was described in one patient 
[117]. Other less common clinical features include lymphocytic vasculitis, lympho- 
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matoid granulomatosis, and aplastic anemia [119]. Much of what we now know 
about XLP1 arises from a worldwide registry that was started in 1980 [120]. 

SAP is produced exclusively in various T, NK, and invariant natural killer T 
(ANKT) cells and acts as a key regulator protein of normal immune function [109, 
121]. SAP interacts with the cytoplasmic tail of most (but not all) members of the 
SLAM family (SLAMEP) receptors including SLAM itself (CD150; SLAMF1), Ly9 
(CD229; SLAMF3), 2B4 (CD244; SLAMF4), CD84 (SLAMF5), NTB-A (CD352; 
SLAMF6), and CRACC (CD319; SLAMF7). These SLAMF members bind each 
other homotypically (except for 2B4, which binds CD48) [121, 122]. These interac- 
tions are postulated to improve cell-cell adhesion and costimulate certain lympho- 
cyte functions. Specifically, 2B4 has been demonstrated to increase NK cell 
cytotoxicity [123, 124]. 

SAP may function in three non-mutually exclusive manners in lymphocytes. 
First, via its SH2 domain, SAP binds to immunoreceptor tyrosine-based switch 
motifs (ITSM) in the cytoplasmic domains of SLAMF receptors. In the case of its 
association with SLAM (but not other SLAMF receptors), it appears that the ITSM 
tyrosines do not necessarily need to be phosphorylated, although phosphorylation 
of these residues further stabilizes SAP:ITSM binding. In this manner, SAP acts as 
an adapter molecule to allow for recruitment of the Src family protein, tyrosine 
kinase Fyn, thereby promoting downstream phosphorylation events [125, 126]. 
Second, SAP competes with another SH2-containing protein, SHP2 (a phospha- 
tase), to restrict the access for the latter protein to the ITSMs [109]. Loss of SAP 
expression and/or function results in reduced T, NK, and iNKT cell cytotoxicity 
[127, 128], poor germinal center formation due to impaired follicular T helper (Trp) 
cell function and altered T42 cytokine production [129, 130]. Moreover, patients 
with SAP deficiency have impaired development of memory B cells [131]. Finally, 
SAP enhances apoptosis in T and B cells, especially upon restimulation [132-134]. 
Thus, the lack of SAP may lead to decreased apoptosis of CD8+ T cells responding 
to EBV [135]. This reduction in apoptosis, combined with decreased cytolytic activ- 
ity, likely contributes to an over-exuberant proliferation of T cells that are unable to 
clear the virus, culminating in FIM and HLH. 


Primary HLH Without EBV-LPD 


XLP2: XIAP Deficiency 


In 2006, a second gene was identified in close proximity to the SH2D/A gene on 
Xq25 in humans [136]; this gene consists of 9 exons and spans 42 kb. Importantly, 
hemizygous mutations in this gene, called the X-linked inhibitor of apoptosis 
(XIAP), were present in patients with clinical manifestations of XLP who lacked 
mutations in the SH2D/A gene [136]. Thus far, more than 100 patients with muta- 
tions in XJAP have been described [137]. Mutations in XIAP include missense and 


Genetics of Primary Hemophagocytic Lymphohistiocytosis 101 


nonsense changes, as well as deletions and insertions, and these mutations have 
been identified in all exons; these mutations can result in loss or decreased expres- 
sion of the XIAP protein. Although the patients with XJAP mutations are described 
as having XLP2, this may be a misclassification, as thus far no patients with XLP2 
have been reported to develop lymphomas. These patients do, however, develop 
recurrent episodes of HLH [138, 139]. As such, this syndrome may be better classi- 
fied as “X-linked pHLH” rather than “XLP.” 

In contrast to SAP, XIAP is ubiquitously expressed, rather than being restricted 
to certain lineages of the hematopoietic system [138]; this likely contributes to the 
difference in clinical manifestations between XLP1 and XLP2. Similarly to XLP1, 
patients with XLP2 commonly present with HLH in the context of EBV infection. 
In addition to pHLH, XLP1 and XLP2 patients can both develop hypogammaglobu- 
linemia (more common in XLP1 than XLP2). On the other hand, XLP2 predisposes 
to other clinical manifestations that are not common in XLP1; these include chronic 
colitis (with features of Crohn’s disease), and other autoinflammatory symptoms 
including uveitis, erythema nodosum, and nephritis [140, 141]. Lastly, patients with 
XLP2 rarely develop neurologic manifestations [139]. 

XIAP encodes for a 497-amino acid antiapoptotic molecule [142—144], known as 
baculoviral inhibitor of apoptosis ([AP)-repeat-containing 4 (BIRC4) protein. In 
addition to containing baculoviral [AP-repeat (BIR) domains, this protein also con- 
tains an UBA domain (which allows this protein to bind ubiquitin) and a carboxy 
terminal RING (Really Interesting New Gene) finger domain with E3 ubiquitin 
ligase activity [145]. The main function of the XIAP protein is the inhibition of 
apoptosis via its direct interaction with caspases. Specifically, the BIR domain inter- 
acts with and inhibit caspases 3, 7, and 9 [144, 146]. Moreover, BIRC4 is involved 
in a number of innate and adaptive immune cell and non-immune cell signaling 
pathways, including that of transforming growth factor-beta receptor (TGFBR), 
Notch, MAP kinase, c-Jun N-terminal kinase (JNK), and NF«B signaling pathways. 
However, it is still not fully understood how mutations in XIAP, and the disinhibi- 
tion of apoptosis, give rise to the clinical manifestations of XLP2 [116]. 

In contrast to XLP1, NK and CTL cell cytotoxic activity is preserved in patients 
with XLP2. Yet, following T-cell receptor (TCR) activation, T cells from XLP2 
patients show heightened activation-induced cell death (AICD) [136]; similarly, 
there is increased apoptosis to ligation of death receptors such as FAS (CD95) and 
TRAIL receptor [136, 147]. These findings may explain the less severe HLH mani- 
festations in patients with XLP2, while increased apoptosis in B cells may contrib- 
ute to the development of hypogammaglobulinemia. 


Lysinuric Protein Intolerance (LPI) 


Initially described in 1965 as an inborn error of metabolism [148], lysinuric protein 
intolerance (LPI)I was later shown by Lauteala et al. [149] to be due to biallelic 
mutations in the SLC7A7 gene using genome-wide linkage analysis in patients of 
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Finnish origin. One year later, this group also found similar mutations in chromo- 
some 14 in non-Finnish patients with LPI (the majority of whom were of Italian 
descent) [150]. Since this time, more than 200 patients have been reported with LPI, 
with one-third being of Finnish origin [151]. Consistent with this ethnic predisposi- 
tion, a homozygous founder mutation was detected in Finnish patients by Torrents 
et al. [152]; this was later shown to be due to a splice acceptor mutation that led to 
a frameshift and premature termination of translation [153]. In addition to this 
Finnish mutation, a founder mutation (p.R410+ mutation) was also described in 
patients of Japanese origin [154-156]. In a recent study in Japanese patients with 
LPI, pR410* was the most frequent mutation identified [156]. Despite these ethnic 
associations, no genotype—phenotype correlations have been established thus far in 
LPI patients [156]. 

The SLC7A7 gene encodes for the y(+)L amino acid transporter-1 (y(+) LAT-1) 
protein [152, 153]. The y(+) LAT-1 protein normally heterodimerizes with the 4F2 
heavy chain (4F2hc), which is encoded by SLC3A2, in order to form a cationic 
amino acid exchanger (CAA) [157]. CAA are localized mainly at the basolateral 
membranes of the tubular kidney and small bowel cells. Mutations in SLC7A7 gene 
lead to defects in CAA structures, which result in leakage of arginine, lysine, and 
ornithine [158]. 

Clinically, patients with LPI present with variable clinical characteristic; these 
include gastrointestinal symptoms which can be severe enough to result in failure to 
thrive [159], urea cycle dysfunction and hyperammonemia stemming from the low 
levels of arginine and ornithine in hepatocytes [158, 159], and neurological impair- 
ment. Correction of hyperammonemia leads to improvement of patient outcomes 
[160]. On the other hand, protein intolerance, splenomegaly, hepatomegaly, lung 
disease, kidney failure, and immunological disorders (autoimmunity and HLH) may 
be attributed to the expression of y(+) LAT-1 in cells of the lung and spleen, as well 
as hematopoietic cells such as monocytes and macrophages [160]. 
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Introduction 


Secondary hemophagocytic lymphohistiocytosis (SHLH) is typically defined as 
HLH occurring in the setting of triggers leading to strong immunological activation, 
without known genetic predilection [1, 2]. This is in contrast to primary or famil- 
ial HLH (pHLH), which is caused by defined genetic mutations affecting lympho- 
cyte cytotoxic functions (see chapter “Genetics of Primary Hemophagocytic 
Lymphohistiocytosis”). Secondary HLH can occur in the setting of numerous severe 
infections, rheumatic disorders, and various malignancies, most notably lymphoma. 
However, these conditions are relatively common compared to the incidence of 
HLH, and many patients with even severe manifestations of these do not develop 
SHLH. Indeed, this suggests there may exist underlying genetic factors which 
may synergize with these disease and/or environmental triggers, leading to sHLH. 
Here, we review reported genetic contributions to the various forms of sHLH in 
adults and children (Table 1). Finally, we use these findings to discuss how the 
consequences of this emerging understanding of HLH genetics may support 
reexamining the primary vs. secondary dichotomy. 
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Genetics and Genomics in Infection-Associated CSS 


SHLH can occur in the course of a severe and uncontrolled infection, including 
those caused by viral, bacterial, fungal, protozoal (leishmaniasis and malaria), rick- 
ettsial, visceral leishmaniasis, or mycobacterial pathogens [3]. Infection can serve 
as triggers for the full clinical spectrum of CSS including pHLH, but in cases where 
there is no evidence of familial recurrence, they are referred to as “sporadic” or 
SHLH. In a proportion of these cases, one may find cytolytic defects similar 
(although typically less profound) to those seen in patients with pHLH, but by defi- 
nition no biallelic mutations are detected in known HLH associated genes that are 
typically inherited in an autosomal recessive fashion. 

Infection, most often by virus, is the most common identified cause for sHLH, 
and is a Statistically significant predictor of poor prognosis [4]. Of these, herpes 
viruses, and particularly Epstein-Barr virus (EBV), are the most frequently identi- 
fied. Cattaneo et al. examined 35 adult patients diagnosed with sHLH based on 
HLH-2004 criteria and found infection by EBV in 28.6% of cases. With more than 
90% of the world’s population infected with EBV, primary EBV infection is 
asymptomatic in most people. Rarely, however, EBV causes life threatening infec- 
tion in the form of EBV-associated HLH and chronic active EBV (CAEBV) infec- 
tion. It typically affects older patients with no central nervous system (CNS) 
involvement, in contrast to pHLH. However, Magaki et al. [5] reported a case of 
fatal EBV-associated HLH with severe involvement of the CNS showing florid 
hemophagocytosis in the choroid plexus, with extensive neuron loss and gliosis in 
the cerebrum, cerebellum, and brainstem. Latent asymptomatic EBV infection is 
established for life in most immunocompetent individuals in B cells and nasopha- 
ryngeal epithelial cells. In contrast, in EBV-associated sHLH, the predominant 
EBV-infected cells are CD8-positive T lymphocytes, whereas in CAEBV, EBV 
infects mainly CD4 or CD8 positive T lymphocytes and NK cells [6]. Acute cyto- 
megalovirus (CMV) associated sHLH in the immunocompetent host has been 
rarely reported, and most of these only partially met the HLH-2004 criteria [7]. 
Patients with infection-associated HLH other than EB V-HLH often enter remission 
when they are treated with CS, IVIG, and/or CSA, in addition to specific treatment 
for the infectious disease [8]. Genetic causes are largely not investigated and 
largely unknown until recently. While the pathogenesis of EBV-HLH remains 
unclear, sequence variations in cytokine production, cell proliferation and pro- 
gramed cell death (apoptosis) signaling related genes (Table 1) have been associ- 
ated with susceptibility to this condition [9, 10]. Other inherited immune disorders 
are known to be associated with EBV-HLH, such as X-linked lymphoproliferative 
disease typel (XLPI1-SH2D/A) and type 2 (XIAP-B/RC4) [11], IL-2-inducible T 
cell kinase deficiency (ITK) [12], CD27 deficiency [13], CD70 deficiency [14], and 
magnesium transporter gene (XMEN-MAGTT) [15]. They should be ruled out clini- 
cally, as they may warrant more aggressive therapy, such as bone marrow trans- 
plantation, for a better clinical outcome. 
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Of particular note is influenza A virus, which until recently was only rarely 
reported in sHLH, and mostly in coinfection with other viruses such as EBV [16]. 
However, the recent global outbreak H1N1 influenza affecting children and young 
adults included many patients with clinical features resembling sHLH and MAS, 
and with a significantly high fatality rate. Several reports of fatal infection demon- 
strated liver dysfunction, cytopenias, coagulopathy, hyperferritinemia, and hemo- 
phagocytosis, which were successfully treated with HLH specific therapy [17, 18]. 
The potential contribution of H1N1 influenza to the development of sHLH and 
associated genetic and genomic defects has not been studied extensively. None of 
the reported patients had prior histories suggestive of immunodeficiency, but all 
required intensive care with mechanical ventilation and circulatory support [19—21]. 
Interestingly, a comprehensive genetic study using whole exome sequencing (WES) 
in fatal cases of HIN1 influenza identified mutations in genes have been associated 
with pHLH and MAS [22]. This analysis found sequence variants in the genes that 
encode perforin (PRF/J-A91V), the granule trafficking protein LYST, and other 
genes that associate with MAS. These genes include Xin actin-binding protein 2 
(XIRP2), leucine-rich repeats and guanylate kinase-domain containing protein 
(LRGUK), nipped-B homolog (NJPBL) and FAM220A. These de novo changes were 
predicted to alter the protein function and disrupt lymphocyte cytolytic function and 
contribute to the development of MAS/HLH like clinical syndrome in these HIN1 
infected patients. In addition, two in cis MEF'V variants, the causative gene of famil- 
ial Mediterranean fever, also were identified in one H1N1 patient along with the 
A91V-PRF// allele (discussed further below). With supportive functional studies of 
NK cell cytotoxicity, this suggests that pHLH and MAS associated gene variants 
indeed contributed to CSS in fatal HIN1 influenza, although further functional stud- 
ies are needed to confirm a causal link. Together, this evidence suggests that sHLH/ 
MAS may be a common complication in fatal H1N1 influenza infection in patients, 
in particular those with certain genetic backgrounds. 

There are sporadic cases reported of sHLH associate with bacterial, fungal, and 
other types of infectious triggers [23—25], but the genetic cause of these cases were 
not known and/or not well studied. 


Genetics and Genomics in Rheumatic Disease Associated CSS, 
Often Referred to as Macrophage Activation Syndrome 


HLH occurring in the setting of rheumatic diseases has historically been catego- 
rized as macrophage activation syndrome (MAS, see chapter “The History of 
Macrophage Activation Syndrome in Autoimmune Diseases”). However, MAS is 
now broadly considered to be a form of secondary HLH. sHLH/MAS occurs most 
frequently in children with systemic juvenile idiopathic arthritis, the genetics of 
which are discussed separately (see chapter “Genetics of Macrophage Activation 
Syndrome in Systemic Juvenile Idiopathic Arthritis’). However, this can occur 
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albeit less commonly in children and adults with a variety of other rheumatic disor- 
ders, including both autoimmune and autoinflammatory syndromes. In general, 
sHLH/MAS most often complicates rheumatic diseases in periods of high or persis- 
tent disease activity, and is associated with substantial morbidity and mortality. 

Other than systemic JIA, sHLH/MAS is most frequently reported in patients 
with systemic lupus erythematosus (SLE) [26]. While the vast majority of SLE 
patients do not appear to develop sHLH/MAS, it represents a major cause of death 
in this disease, associated with a substantial increase in in-hospital mortality for 
febrile SLE patients [27]. The largest series of SHLH/MAS episodes in patients with 
SLE found that nearly half of episodes occurred at time of SLE diagnosis, and that 
15% of patients with sHLH/MAS had relapse or recurrent episodes [28]. However, 
little is known regarding potential genetic contributors to sHLH/MAS in patients 
with SLE. There is scant data regarding the occurrence of variants in pHLH- 
associated genes in patients with SLE and sHLH/MAS, as with few exceptions [29], 
sequencing is either not performed or not reported. There is a single report of a 
patient with atypical biallelic PRF7 missense mutations who developed early-onset 
lupus as well as HLH [30]. Several large genome-wide association studies have 
identified JRF5 haplotypes as significant risk factors for development of lupus [31, 
32]. Interestingly, Yanagimachi and colleagues identified a JRF5 haplotype that was 
significantly associated with development of sHLH, although none of the patients in 
that study were identified as having lupus [9]. Another recent report described a 
patient with SLE-associated MAS and a heterozygous P369S-R408Q variant in 
MEFYV, which encodes the pyrin inflammasome and is the causative gene of familial 
Mediterranean fever (FMF) [33]. Although these MEFV variants are relatively com- 
mon (minor allele frequency 0.5-2% depending on the population), they have also 
been identified in multiple other patients with sHLH/MAS [22, 34]. This is particu- 
larly intriguing in light of recent findings regarding the role of inflammasome, 
macrophage-intrinsic genetic defects such as NLRC4 in triggering HLH/MAS (see 
below and chapter “The Intersections of Autoinflammation and Cytokine Storm”). 

Kawasaki disease is a self-limited vasculitis of unknown etiology, and one of the 
most common vasculitides during childhood. This includes a myocarditis in many 
patients, with late development of coronary artery aneurysms in up to 25% of 
untreated patients [35]. There are numerous reported cases of SHLH/MAS compli- 
cating the acute phase of Kawasaki disease, with a recent cross-sectional study sug- 
gesting it occurs in at least 1% of cases [36]. Most often, Kawasaki disease-associated 
SHLH/MAS occurs in patients with prolonged and treatment refractory courses, 
with a high incidence of coronary abnormalities and death [36, 37]. However, little 
is known regarding genetic risks for sSHLH/MAS in patients with Kawasaki disease. 
Genetic analysis of pHLH genes is reported in a small number of cases and all have 
been negative [36-39]. There are no additional putative genetic variants that have 
been reported in patients with sHLH/MAS complicating Kawasaki disease. 

There are scattered reports of sHLH/MAS occurring in patients with various 
other rheumatic diseases, including nonsystemic subtypes of JIA, rheumatoid arthri- 
tis, spondyloarthritis, dermatomyositis, mixed connective tissue disease, Sjogren’s 
syndrome, and antiphospholipid antibody syndrome [26, 40, 41]. sHLH/MAS 
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appears to be a very rare complication of these disorders, and to most often occur 
during periods of persistently high disease activity. Two recent reports have high- 
lighted patients with spondyloarthropathy and uveitis complicated by sHLH/ 
MAS. Genetic testing found these patients carried heterozygous variants in the 
pHLH genes PRF1 [42], UNCI3D, and RAB27A [43]. Potential genetic contribu- 
tions to SHLH/MAS in other rheumatic diseases is largely unexplored. Several case 
reports have described negative genetic testing of pHLH genes in patients with 
sSHLH/MAS and dermatomyositis [44] and Sjogren’s [45] syndrome. 

In addition to the autoimmune disorders discussed above, SsHLH/MAS also 
occurs in patients with autoinflammatory disorders such as the monogenic periodic 
fever syndromes [46]. Autoinflammatory syndromes are characterized by seem- 
ingly unprovoked episodes of inflammation in the absence of high-titer autoanti- 
bodies or autoreactive lymphocytes, and generally believed to involve defects in 
innate immunity [47]. The links between sHLH/MAS and autoinflammation were 
highlighted particularly by the recent discovery of gain-of-function variants in the 
inflammasome component NLRC4 in patients with recurrent episodes of CSS 
resembling pHLH [48, 49]. The phenotype of these patients suggests a linkage 
between macrophage-intrinsic defects and development of CSS. Indeed, there is 
some evidence that sHLH/MAS may occur relatively frequently in other autoin- 
flammatory disorders. In one large cohort of patients with mevalonate kinase defi- 
ciency, 6% had a history of sHLH/MAS [50]. In support of this, an infant with 
severe mevalonate kinase deficiency and recurrent sHLH/MAS was found to have a 
rare heterozygous PRF/ variant [51]. Whether similar variants in pHLH genes 
occur in patients with other autoinflammatory syndromes is unknown. 


Genetics and Genomics in Malignancy Associated CSS 


Malignancy is the single most common trigger for HLH in adults, being present in 
nearly 50% of all adult cases [52]. When considering all pediatric HLH, including 
hereditary forms, malignancy-associated sHLH is less common, but still may be a 
trigger in approximately 10% of cases [53, 54]. sHLH is most commonly reported in 
association with non-Hodgkin’s, B-cell or T-cell lymphoma, but have also been 
reported in Hodgkin’s lymphoma, acute leukemia, and a variety of solid tumors [52]. 
While overall sHLH is a rare complication of hematologic malignancies, it can occur 
in up to 20% of some lymphoma subtypes [52]. The occurrence of sHLH in Hodgkin’s 
lymphoma is particularly notable given the association between this malignancy and 
EBV, which as discussed above and elsewhere (see chapter “Cytokine Storm 
Syndromes Associated with Epstein-Barr Virus”) is a key infectious trigger of HLH 
more broadly [55]. While a majority of malignancy-associated sHLH cases were 
diagnosed either at onset or immediately prior to identification of cancer, a substan- 
tial number of cases occurred during treatment, particularly with antileukemic thera- 
pies [56]. Malignancy and sHLH have multiple shared pathologic mechanisms, 
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including dysfunction of immune surveillance and immunomodulation. As such, 
identifying shared genetic risks is an area of urgent clinical need. 

Perforin is a key cytolytic protein that is essential for cytotoxic CD8 cell (CTL) 
and natural killer (NK) cell function, including killing of transformed cells. As dis- 
cussed in Arico chapter, perforin deficiency is also the most common identified cause 
of pHLH. The role of perforin at the intersection of malignancy and HLH is contro- 
versial, with multiple studies with contradictory findings. In 2005, Clementi et al. 
first reported four lymphoma patients with biallelic perforin mutations, all of which 
had evidence of sHLH [57]. Concurrently, a large Italian study found that the perfo- 
rin A91V polymorphism, which leads to a more mild impairment in NK cell function 
[22, 58, 59], was overrepresented in patients with acute lymphoblastic leukemia 
(ALL) [60]. However, a subsequent large study from the Children’s Oncology Group 
could not confirm this association with ALL [61]. Other small cohort studies have 
found perforin A91V in association with anaplastic large cell lymphoma [62], B-cell 
lymphoma, melanoma [63], and BCR-ABL positive ALL [61], although in none of 
these reports was the coexistence of sHLH discussed. There are also several reports 
of known pathogenic perforin variants found in patients with lymphoma and signs of 
SHLH [30, 57, 64]. Together, the totality of evidence supports a role for perforin as a 
risk factor both for certain malignancies and malignancy-associated sHLH. 

In support of this pathologic linkage, there are several reports of patients with 
malignancy-associated sHLH and variants in other cytolytic pathway genes linked 
to pHLH. Chang and colleagues described a 3-year-old who developed sHLH with 
heterozygous variant in UNC13D, which causes pHLH3 [65]. Four months after 
recovery, this child developed acute monoblastic leukemia. Other patients with 
UNCI3D variants in association with malignancy and sHLH have also been 
reported [43, 65, 66]. Mutations in syntaxin 11 cause the hemophagocytic syn- 
drome pHLH4 [67]. Recently, syntaxin 11 was proposed to function as a tumor 
suppressor gene in T-cell lymphomas, with several reports of patients with genomic 
deletions and genetic variants [68]. In support of this, there are reports of syntaxin 
11 variants in patients with both leukemia and T-cell lymphoma who also devel- 
oped malignancy-associated sHLH [56, 69]. Finally, one patient has been described 
with biallelic variants in STXBP2, which causes pHLHS, who developed sHLH in 
association with nodular sclerosing Hodgkin’s lymphoma [56]. Most intriguingly, 
Lofstedt and colleagues recently found that first-degree relatives of Swedish chil- 
dren with pHLH had a significantly increased risk of cancer compared to matched 
controls [70]. 

Several other genetic factors have been reported in patients with malignancy- 
associated sHLH. Chromosomal abnormalities including pericentric inversion 12 
and deletions of the long arm of chromosome 6 have been reported in patients with 
leukemia who presented with sHLH [66, 71]. More specifically, several fusion 
genes have been described in infants and children with hematologic malignancies 
and sHLH, including MYST3-CREBBP fusion at t(8;16)(p11;p13) and ALK fusions 
[72-75]. In particular, the MYST3-CREBBP fusion, which has histone acetylase 
activities from both genes and activates numerous cell cycle control genes, is associ- 
ated with hemophagocytosis in a majority of cases at diagnosis [72, 75]. Two 
immunodeficiency syndromes, with loss of the IL-2-inducible T-cell kinase ITK 
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and the transcription factor GATA2, cause susceptibility to EBV including EBV- 
associated cancers and sHLH [12, 76]. Finally, mutations in EZH2, which cause 
Weaver syndrome and are associated with hematologic malignancies, have also 
been reported in leukemia-associated sHLH [77]. Taken together, multiple genetic 
mutations and chromosomal alterations that affect cell cycle and leukocyte prolif- 
eration may also contribute to development of sHLH. 


Genetics and Genomics of Other Causes of Acquired CSS 


Several other disorders associated with sHLH have been reported. Selective 
immunoglobulin M deficiency (sIgMD) is a rare form of dysgammaglobulinemia 
characterized by an isolated low level of serum IgM. Agarwal et al. reported an 
adult case of primary sIgMD with absent B cells and sHLH who presented with 
recurrent infections, fever, splenomegaly, hemophagocytosis in bone marrow, and 
pancytopenia [78]. However, genetic studies were not carried out in this case for 
either pHLH or B cells/antibody deficiency. There is also a report of a patient who 
developed fatal sHLH in the setting of X-linked chronic granulomatous disease 
(CGD), which is caused by defects in the phagocyte NADPH oxidase [79]. In this 
case, the patient was found to have a novel heterozygous PRFI variant, although 
no functional studies were performed to determine the consequence of this change. 

Transplant-related sHLH have been reported in the setting of HSCT, umbilical 
cord blood [80], and organ transplants such as kidney [81] and liver [82] transplants. 
In these cases, CSS is induced by multiple factors such as tissue damage due to 
conditioning, cytokine production from hematopoietic cells that proliferate at 
engraftment, immunological interactions between host antigen presenting cells 
(APC) and donor lymphocytes, and reaction of latent virus. Recently, many reports 
have suggested reduced intensity of HLH-specific treatment for the patients with 
less immunosuppressive therapy may lead to better outcome [83]. Genetic causes of 
these transplantation related HLH are not known. 

Some congenital metabolic diseases have been reported to have a clinical compli- 
cation similar to clinical sHLH, including LCHAD [84], lysinuric protein intoler- 
ance [85], multiple sulfatase deficiency [86], galactosemia [87], Gaucher disease 
[88], Pearson syndrome [89], and galactosialidosis [90]. These cases typically car- 
ried mutations in genes associated with the underlying metabolic conditions. Genetic 
studies of HLH associated genes have not identified any defects and/or susceptibility 
factor led to the development of clinical HLH. There are also patients with gastropa- 
resis and associated sHLH found to have pathogenic variants in STXBP2 [43]. 

Finally, another therapy that has been recently associated with sHLH is use of 
novel immunotherapeutics. Several reports described a “cytokine release syndrome” 
after using chimeric antigen receptor-modified (CAR) T-cells, bispecific T-cell engag- 
ers and cytotoxic T calls in cancer patients [91, 92]. These conditions presented a 
CSS-like pattern of elevated ferritin, sIL2Ra, IFNy, IL-6, IL-8, and IL-10, but whether 
there is a specific genetic susceptibility to this “cytokine release syndrome” remains 
an open question. These conditions can be managed by cytokine-directed therapy. 
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HLH has historically been described in binary terms as “primary” or “familial,” 
indicating Mendelian inheritance of genetic mutations resulting in cytotoxic lym- 
phocyte dysfunction, or “secondary” indicating an acquired reactive disorder with- 
out strong genetic component. This remains a critical distinction clinically, as it 
largely directs patient management. In many cases of infection associated sHLH, 
the cytokine storm resolves with appropriate specific antimicrobial therapy and no 
need for other immunosuppressive therapy. Even for patients with sHLH or MAS 
who do require aggressive therapy directed at the cytokine storm, such as the etopo- 
side/dexamethasone protocol, once in remission, they typically remain disease free. 
Therefore, it is important to distinguish pHLH from sHLH, so that HSCT can be 
undertaken quickly for patients with pHLH and, just as importantly, patients with 
sHLH are spared unnecessarily aggressive therapy. 

However, as discussed here and proposed by others [93, 94], increasing evidence 
has revealed HLH as a more complex phenomenon, resulting from specific immune 
activation in patients with a susceptible genetic background (Fig. 1). The clinical 
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Fig. 1 Interplay of genetic background and environmental triggers leading to CSS. It is increas- 
ingly clear that both genetics and specific environmental factors or diseases together contribute to 
risk of CSS such as HLH. In the setting of biallelic, loss of function mutations in the perforin 
cytolytic pathway, common infections or even no identified trigger are sufficient to induce fulmi- 
nant HLH. In contrast, hypomorphic variants in these genes, as well as numerous other genes 
involved in immune signaling or cytokine production, are increasingly identified in patients with 
SHLH/MAS associated with rheumatic disease or severe infections. In other cases, including those 
with significant immune dysregulation such as malignant transformation or EBV infection, no 
predisposing genetic variants can be identified. The collective burden of these genetic variants may 
predict the level of environmental trigger required to trigger CSS 
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development of HLH can be considered as being pushed over the edge of a cliff 
into a potentially catastrophic drop by an environmental trigger [95]. If the push 
(systemic immune activation by an infection, autotimmune/autoinflammatory disor- 
der, or malignant transformation) 1s powerful enough, anybody can be made to fall. 
However, if the edge is lowered (through certain genetic variants with mild defects in 
lymphocyte cytolytic function), a much weaker push might be sufficient to produce 
the same result. This is most strikingly apparent in children with pHLH and biallelic 
mutations in genes such as PRF1, where life-threatening cytokine storm can be 
caused by trivial or even imperceptible triggers. 

At the same time, most patients with sHLH have not undergone comprehensive 
genetic testing, even of known HLH-associated genes such as PRF1. Even for those 
who have had some genetic testing, one wonders whether patients with sporadic 
HLH in whom no mutation in pHLH-related genes are found might have mutations 
in other genes, such as those that control the production or secretion of IFNy, or 
even in regulatory or noncoding genomic regions of known pHLH-related genes. 
The expanded use of clinical genetic testing, and particularly the availability of 
whole-exome sequencing and now whole genome sequencing, may provide compelling 
answers to this crucial question. 
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Macrophage activation syndrome (MAS) is a life-threatening episode of hyperin- 
flammation driven by excessive activation and expansion of T cells (mainly CD8) 
and hemophagocytic macrophages producing proinflammatory cytokines [1, 2]. 
MAS has been reported in association with almost every rheumatic disease, but it is 
by far the most common in systemic juvenile idiopathic arthritis (sJIA). Clinically, 
MAS is similar to familial or primary hemophagocytic lymphohistiocytosis 
(pHLH), a group of rare autosomal recessive disorders [3, 4] linked to various 
genetic defects all affecting the perforin-mediated cytolytic pathway employed by 
NK cells and cytotoxic CD8 T lymphocytes [5-9]. Decreased cytolytic activity in 
pHLH patients leads to prolonged survival of target cells associated with increased 
production of proinflammatory cytokines that overstimulate macrophages [10-14]. 
The resulting cytokine storm is believed to be responsible for the frequently fatal 
multiorgan system failure see in MAS. 

Initially HLH was described as a group of rare autosomal recessive immunode- 
ficiency disorders of early childhood [4]. More recently, HLH has been recog- 
nized as both a familial disorder (pHLH) and as a sporadic one that is usually 
referred as secondary HLH (sHLH) [3, 4]. sHLH may occur at any age and is typi- 
cally associated with malignancies, infections, or rheumatologic disorders [1—4]. 
When sHLH occurs in association with a rheumatic disease, it is usually referred 
to as macrophage activation syndrome (MAS) [1, 2]. 

Primary HLH is not a single disease but rather a constellation of rare autosomal 
recessive immunodeficiency disorders linked to various genetic defects all affecting 
the perforin-mediated cytolytic pathway [3, 4]. In about 30% of pHLH patients the 
cytolytic dysfunction is due to loss of function mutations in the gene encoding per- 
forin (PRF/), a protein which cytolytic cells utilize to induce apoptosis of target 


A. A. Grom (D¥)) 

Department of Pediatrics, Cincinnati Children’s Hospital Medical Center, 
Cincinnati, OH, USA 

e-mail: Alexi.Grom @cchmc.org 


© Springer Nature Switzerland AG 2019 131 
R. Q. Cron, E. M. Behrens (eds.), Cytokine Storm Syndrome, 
https://doi.org/10.1007/978-3-030-22094-5_8 


132 A. A. Grom 


Cytolytic Pathway 


Target Cell 


Recognition of target 


Polarization of the 
cytoskeleton 


Movement of cytolytic 
granules along MTs to the 
site of contact 





Degranulation and release 
of contents 





Syntaxin 11 
Munci3-4 


Delivery of content of 
granules to target cell aided 
by perforin 


Apoptosis 


Fig. 1 Cytolytic cells cause destruction of target cells by delivering granules that contain perforin 
and granzymes (Modified from Jordan, et al. Blood 2011 [3]) 


cells [5]. When released at the surface interface with the target cell, also called the 
“immune synapse,” peforin self-polymerizes creating pores in the plasma mem- 
brane (Fig. 1). Granzymes then pass through the perforin pores into the target cell 
to trigger apoptosis. The genes implicated in three other types of pHLH (VUUNC13-4, 
STX11, and MUNC18-2) encode proteins involved in the intracellular transport of 
perforin- and granzyme-containing granules to the immune synapse [6—9]. The 
cytolytic cells in these patients with pHLH produce sufficient amounts of perforin, 
but the poor ability to release perforin into the immune synapse with a target cell 
leads to profoundly decreased cytolytic activity. Although mutations in PRFI, 
MUNCI13-4, STX11, and MUNC1S-2 explain the disease in the majority of patients 
with pHLH, about 30-40% of clearly familial cases are still awaiting molecular 
definition [3] suggesting that there are likely other genes involved in defective cyto- 
lytic granule transport. Depressed cytolytic function due to abnormal movements of 
intracellular granules also contributes to the development of pHLH in Griscelli syn- 
drome type 2 (GS2) and Chediak—Higashi syndrome, caused by mutations in 
RAB27A and LYST, respectively [15, 16]. 

In normal physiologic conditions, cytolytic cells, such as cytotoxic CD8 T lym- 
phocytes or natural killer (NK) cells, induce apoptosis of cells infected with viruses 
or cells undergoing malignant transformation. It has been shown that even moderate 
defects in the cytolytic pathway may lead to prolonged survival of target cells, ulti- 
mately leading to overproduction of proinflammatory cytokines [10]. In many 
pHLH patients however, extensive workup often fails to identify infectious triggers, 
suggesting that the cytolytic function may be important in controlling T cell 
homoeostasis even in the absence of apparent infectious stimuli [11]. Thus cytolytic 
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cells may also be directly involved in the termination of immune responses by 
inducing apoptosis of overly activated immune cells [12—14]. Based on these obser- 
vations, it has been postulated that in HLH, failure to induce apoptosis of target cells 
by cytotoxic T cells and/or NK cells may delay the contraction stage of the immune 
response leading to persistent expansion of activated T cells and macrophages and 
escalating production of proinflammatory cytokines creating a cytokine storm [3]. 
Similar mechanisms may be responsible for the development of HLH in the primary 
immunodeficiencies, X-linked Lymphoproliferative Syndromes type 1 and 2, 
caused by mutations in SH2D/A and XIAP (or BIRC4), respectively [17, 18]. HLH 
in these patients is usually triggered by EBV infection causing rapid expansion of 
activated lymphocytes. Genetic defects in XLP type | interrupt activation-induced 
apoptosis of immune cells, leading to their prolonged survival and increased pro- 
duction of cytokines. Although lymphoproliferation plays a role in the development 
of HLH in XLP type 2 as well, these patients may also have additional intrinsic 
abnormalities in the myeloid cells. More specifically, XIAP has been shown to mod- 
ulate NOD2 signaling, and thus it may affect inflammasome activity [19, 20]. 

Like pHLH, rheumatologic patients with MAS also have profoundly depressed 
cytolytic function, although it tends to improve with better control of the activity of 
the underlying rheumatic disease [21, 22]. The development of cytolytic dysfunc- 
tion in SHLH appears complex and is influenced by the inflammatory activity of the 
underlying disease and by a genetic component [1]. To explore the genetic compo- 
nent in sJ[As-associated MAS patients, Kaufman et al., used whole exome sequenc- 
ing (WES) [23]. This methodology allows detecting rare variants both in the genes 
localized to a specific locus and in the genes from multiple loci involved in the same 
pathway. First, this methodology was used to identify novel and previously reported 
rare protein-altering SNPs/indels in the known pHLH-associated genes. Overall, 
rare protein-altering variants in pHLH-associated genes were present in 36% of 
sJIA/MAS patients [23], similar to the percentage of sJIA patients at risk for MAS 
[24, 25]. Remarkably, these patients were more likely to have recurrent episodes of 
MAS [23]. In the same study, subsequent genome-wide recessive homozygosity 
and compound heterozygosity analysis identified additional potentially pathogenic 
variants in other genes encoding proteins important for intracellular vesicle trans- 
port that need to be explored further. Targeted sequencing of pHLH-associated 
genes in patients with MAS presenting as a complication of various rheumatic dis- 
eases performed by other groups [26, 27] revealed an even higher proportion of 
patients with heterozygous variants (above 40%). 

Marked enrichment for rare variants in the genes involved in the intracellular 
transport of perforin-containing granules as well as in the perforin gene itself was 
seen in SHLH cohorts, but not in sJIA patients with no MAS history, or in healthy 
individuals [23, 26, 27], suggesting causal roles in disease pathogenesis. Indeed, 
many of these variants have been clearly associated with pHLH, and therefore are 
likely pathogenic. The functional and clinical relevance of many other variants, 
however, is not clear. In the pHLH literature, it has been suggested that the degree 
of cytolytic defect resulting from specific pLH gene mutations correlates with sever- 
ity of disease in murine models of HLH and in patients with pHLH [28]. It has been 
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also documented that heterozygous mutations in the pHLH gene, MUNCIS-2, can 
function as dominant-negative proteins resulting in lethal sHLH [29]. 

Along these lines, Zhang et al. have recently characterized the impact on NK 
cell lytic activity of a novel heterozygous RAB27A p.A87P missense mutation 
identified in two teenagers with sHLH/MAS responsive to immunosuppression 
[30]. Introduction of the RAB27A p.A87P mutation into a human NK cell line by 
lentiviral transduction resulted in decreased NK cell degranulation and cytolytic 
activity against K562 target cells. Confocal microscopy revealed delayed cyto- 
lytic granule trafficking/polarization to the immunologic synapse in RAB27A 
p.A87P expressing NK cells (Fig. 2a). This delay in cytolytic granule transport 
and defective cytolysis from the RAB27A A87P mutation prolonged the interac- 
tion of the lytic lymphocyte and its antigen presenting cell (APC) target and was 
associated with increased production of IFN-y (Fig. 2b) [30]. This was highly 
consistent with the recent report demonstrating a fivefold increase in the duration 
of the contact between the lytic lymphocytes and the antigen-presenting cells 
resulting in a proinflammatory cytokine storm and subsequent clinical sHLH [10]. 

Interestingly, the same RAB27A p.A87P mutation was present in each of the 
patients’ fathers who were both asymptomatic. NK function assessment in one of 
the fathers revealed decreased NK cell lytic activity and degranulation. Furthermore, 
he also was noted to have a markedly elevated baseline serum ferritin value (a 
marker of MAS) [30], suggesting that he may be at risk for MAS after encountering 
certain infections or a rheumatic inflammatory disease. Thus, either a modifying 
gene(s) and/or an inflammatory trigger (e.g., certain infections) are required for 
MAS/sHLH to present clinically in those with heterozygous dominant-negative 
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Fig. 2 (a) RAB27A p.A87P mutation delays granzyme B polarization to the immunologic syn- 
apse. Vector control (top row), RAB27A WT (middle), and RAB27A p.A87P mutant (bottom) trans- 
duced NK-92 cells were stimulated with K562 cells for the indicated time periods prior to 
intracellular analysis of granzyme B polarization assessed by confocal microscopy. One represen- 
tative experiment is shown, where green represents granzyme B staining and blue denotes cell 
nuclei (DAPI stain). (b) Increased IFN-y expression by mutant RAB27A p.A87P compared with 
WT Rab27a-expressing NK-92 cells following incubation with K562 target cells 
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pHLH gene mutations. Alternatively, perhaps the vesicular transport defects that 
affects perforin function only mildly may also affect other cellular functions yet to 
be explored (such as cytokine secretion, for instance), and these are the true cause 
of both MAS and sJIA pathophysiology. 

Schulert et al. used a custom enrichment assays targeting the extended haplotype 
on chromosome 17 region of approximately 1 Mbps that has been associated with 
MAS in patients with sJIA [31, 32]. While there were no pathogenic variants in the 
protein-coding region, examination of these highly conserved regions known to bind 
transcription factors including some introns revealed several interesting variants 
[33]. One example is the variant c.118-308C>T in Intron 1 of the MUNC13-4 gene. 
This variant is identical to what has been recently described by another group which 
shown that c.118-308C>T mutation abrogates transcription of an alternative form of 
MUNC13-4 specifically in cytotoxic lymphocytes [34]. Residual transcripts of the 
conventional MUNC13-4 isoform appear insufficient for supporting any cytotoxic 
lymphocyte degranulation. This variant has now been linked to the development of 
pHLH [34]. MUNC13-4 expression in PBMCs of sJIA patients with this variant was 
decreased as determined by RT-PCR compared to healthy controls [33]. This intronic 
variant partially disrupted NF«B engagement relative to the WT sequence. Moreover, 
reporter genes containing the variant sequence demonstrated diminished transcrip- 
tional enhancer activity consistent with decreased MUNC13-4 message as seen in 
the patient. These observations suggest that relevant pathogenic variants in sJIA 
patients with MAS can be present in both coding and non-coding regions. 

Genetic variations predisposing to MAS may not be limited to only the cytolytic 
pathway. Thus, in patients with gain-of-function mutations in the NLRC4 gene, 
MAS-like clinical presentation seems to be induced by a macrophage-intrinsic 
defect in the absence of primary cytotoxic abnormalities [35, 36] suggesting that in 
the future the search for pathogenic variants should be extended beyond the cyto- 
lytic pathway and include macrophage activation pathways as well. Another infor- 
mative example is XLP type 2 where the occurrence of HLH could be linked to 
abnormal lymphoproliferation as well as intrinsic abnormalities in the myeloid cells 
related to the ability of XIAP to regulate NOD2 signaling and inflammasome activa- 
tion [19, 20]. Of note, these genetic diseases are characterized by strikingly high 
circulating levels of IL-18, a feature that they both share with sJIA, raising the pos- 
sibility of both pathophysiologic and genetic overlaps. 

Additionally, a recent study from Japan identified IRF5 (interferon regulatory fac- 
tor 5) gene polymorphisms as risk factors for MAS development in patients with sJIA 
[37]. Given the presumed role that IFN-y has in the pathophysiology of MAS [38], 
this observation is very intriguing and needs to be confirmed in other ethnic groups. 

In summary, MAS 1s a life-threatening condition that affects 10-40% of children 
with sJIA [1—4]. Unfortunately, at present, MAS is frequently diagnosed at the later 
stages when it may be fatal. However, if sSHLH/MAS is diagnosed in a timely fash- 
ion, immunosuppressive therapy, including corticosteroids, cyclosporine, and anti- 
proinflammatory cytokine therapy, can markedly improve outcomes [1—4]. We are 
just beginning to recognize the breadth of genetic risk factors which predispose to 
MAS development in sJIA and other rheumatic diseases. A better knowledge of 
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variants in cytolytic pathway genes and the degree to which they confer susceptibil- 
ity to MAS development will be crucial to improved and earlier recognition of MAS 
other populations. The experience with MAS in patients with gain-of-function 
mutations in the NLRC4 gene as well as patients with XLP2 also suggests that the 
search for pathogenic variants should be extended beyond the cytolytic pathway and 
should include macrophage activation pathways. This type of personalized medi- 
cine approach (knowing one’s MAS genetic risk) will also be helpful in predicting 
outcomes, potential for MAS recurrence, and those most likely to benefit from bone 
marrow transplantation therapy. 


References 


1. Grom, A. A., Horne, A. C., & De Benedetti, F. (2016). Macrophage activation syndrome in the 
era of biologic therapy: Clues to pathogenesis and impact on diagnostic approaches. Nature 
Reviews. Rheumatology, 12, 259-268. 

2. Mouy, R., Stephan, J. L., Pillet, P., et al. (1996). Efficacy of cyclosporine a in the treatment 
of macrophage activation syndrome in juvenile arthritis: Report of five cases. The Journal of 
Pediatrics, 129, 750-754. 

3. Jordan, M. B., Allen, C. E., Weitzman, S., et al. (2011). How I treat hemophagocytic lympho- 
histiocytosis. Blood, 118, 4041—4052. 

4. Henter, J. I., Horne, A., Arico, M., Egeler, R. M., Filipovich, A. H., et al. (2007). HLH-2004: 
Diagnostic and therapeutic guidelines for hemophagocytic lymphohistiocytosis. Pediatric 
Blood & Cancer, 48, 124—131. 

5. Stepp, S. E., Dufourcq-Lagelouse, R., Le Deist, F., et al. (1999). Perforin gene defects in famil- 
ial hemophagocytic lymphohistiocytosis. Science, 286, 1957-1959. 

6. Feldmann, J., Callebaut, I., Raposo, G., et al. (2003). Munc13-4 is essential for cytolytic gran- 
ules fusion and is mutated in a form of familial hemophagocytic lymphohistiocytosis (FHL3). 
Cell, 115, 461-473. 

7. zur Stadt, U., Schmidt, S., Diler, A. S., et al. (2005). Linkage of familial hemophagocytic lym- 
phohistiocytosis (FHL) type-4 to chromosome 6q24 and identification of mutations in syntaxin 
11. Human Molecular Genetics, 14, 827-834. 

8. zur Stadt, U., Rohr, J., Seifert, W., et al. (2009). Familial hemophagocytic lymphohistiocytosis 
type 5 (FHL-5) is caused by mutations in Munc18-2 and impaired binding to Syntaxin 11. 
American Journal of Human Genetics, 85, 482—492. 

9. Zhang, K. J., Jordan, M. B., Marsh, R., et al. (2011). Hypomorphic mutations in PRFI, 
MUNC13-4, and STXBP2 are associated with adult-onset familial HLH. Blood, 118, 
5794-5798. 

10. Jenkins, M. R., Rudd-Schmidt, J. A., Lopez, J. A., Ramsbottom, K. M., Mannering, S. I., 
Andrews, D. M., et al. (2015). Failed CTL/NK cell killing and cytokine hypersecretion are 
directly linked through prolonged synapse time. The Journal of Experimental Medicine, 212, 
307-317. 

11. Heeg, M., Ammann, S., Klemann, C., Panning, M., Falcone, V., Hengel, H., et al. (2018). 
Is an infectious trigger always required for primary hemophagocytic lymphohistiocyto- 
sis? Lessons from in utero and neonatal disease. Pediatric Blood & Cancer, 65, e27344. 
https://doi.org/10.1002/pbc.27344 

12. Kagi, D., Odermatt, B., & Mak, T. W. (1999). Homeostatic regulation of CD8 T cells by per- 
forin. European Journal of Immunology, 29, 3262-3272. 


Genetics of Macrophage Activation Syndrome in Systemic Juvenile Idiopathic Arthritis 137 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22, 


23; 


24. 


25. 


26. 


21. 


Menasche, G., Feldmann, J., Fischer, A., & de Saint Basile, G. (2005). Primary hemophago- 
cytic syndromes point to a direct link between lymphocyte cytotoxicity and homeostasis. 
Immunological Reviews, 203, 165-179. 

Lykens, J. E., Terrell, C. E., Zoller, E. E., Risma, K., & Jordan, M. B. (2011). Perforin is a 
critical physiologic regulator of T-cell activation. Blood, 118, 618—626. 

Barbosa, M. D., Nguyen, Q. A., Tchernev, V. T., Ashley, J. A., Detter, J. C., Blaydes, S. M., 
et al. (1996). Identification of the homologous beige and Chediak-Higashi syndrome genes. 
Nature, 382, 262—265. 

Menasche, G., Pastural, E., Feldmann, J., Certain, S., Ersoy, F., Dupuis, S., et al. (2000). 
Mutations in RAB27A cause Griscelli syndrome associated with haemophagocytic syndrome. 
Nature Genetics, 25, 173—176. 

Coffey, A. J., Brooksbank, R. A., Brandau, O., Oohashi, T., Howell, G. R., Bye, J. M., et al. 
(1998). Host response to EBV infection in X-linked lymphoproliferative disease results from 
mutations in an SH2-domain encoding gene. Nature Genetics, 20, 129-135. 

Marsh, R. A., Madden, L., Kitchen, B. J., Mody, R., McClimon, B., Jordan, M. B., et al. 
(2010). XIAP deficiency: A unique primary immunodeficiency best classified as X-linked 
familial hemophagocytic lymphohistiocytosis and not as X-linked lymphoproliferative dis- 
ease. Blood, 116, 1079-1082. 

Wada, T., Kanegane, H., Ohta, K., Katoh, F., Imamura, T., Nakazawa, Y., et al. (2014). Sustained 
elevation of serum interleukin-18 and its association with hemophagocytic lymphohistiocyto- 
sis in XIAP deficiency. Cytokine, 65(1), 74—78. https://doi.org/10.1016/j.cyto.2013.09.007 
Chirieleison, S. M., Marsh, R. A., Kumar, P., Rathkey, J. K., Dubyak, G. R., & Abbott, 
D. W. (2017). Nucleotide-binding oligomerization domain (NOD) signaling defects and cell 
death susceptibility cannot be uncoupled in X-linked inhibitor of apoptosis (XIAP)-driven 
inflammatory disease. The Journal of Biological Chemistry, 292(23), 9666—9679. https://doi. 
org/10.1074/jbc.M117.781500 

Grom, A. A., Villanueva, J., Lee, S., Goldmuntz, E. A., Passo, M. H., & Filipovich, A. (2003). 
Natural killer cell dysfunction in patients with systemic-onset juvenile rheumatoid arthritis and 
macrophage activation syndrome. The Journal of Pediatrics, 142, 292—296. 

Vastert, S. J., van Wijk, R., D’ Urbano, L. E., de Vooght, K. M., de Jager, W., Ravelli, A., 
et al. (2010). Mutations in the perforin gene can be linked to macrophage activation syn- 
drome in patients with systemic onset juvenile idiopathic arthritis. Rheumatology (Oxford), 49, 
441-449, 

Kaufman, K. M., Linghu, B., Szustakowski, J. D., Husami, A., Yang, F., Zhang, K., et al. 
(2014). Whole exome sequencing reveals overlap between macrophage activation syndrome 
in systemic juvenile idiopathic arthritis and familial hemophagocytic lymphohistiocytosis. 
Arthritis and Rheumatism, 66, 3486-3495. 

Behrens, E. M., Beukelman, T., Paessler, M., & Cron, R. Q. (2007). Occult macrophage 
activation syndrome in patients with systemic juvenile idiopathic arthritis. The Journal of 
Rheumatology, 34, 1133-1138. 

Bleesing, J., Prada, A., Siegel, D. M., Villanueva, J., Olson, J., Ilowite, N. T., et al. (2007). The 
diagnostic significance of soluble CD163 and soluble interleukin-2 receptor alpha-chain in 
macrophage activation syndrome and untreated new-onset systemic juvenile idiopathic arthri- 
tis. Arthritis and Rheumatism, 56, 965—971. 

Bracaglia, C., Sieni, E., Da Ros, M., De Fusco, C., Micalizzi, C., Cetica, V., et al. (2014). 
Mutations of familial hemophagocytic lymphohistiocytosis related genes and abnormalities of 
cytotoxicity function tests in patients with macrophage activation syndrome (MAS) occurring 
in systemic juvenile idiopathic arthritis. Pediatric Rheumatology, 12(Suppl 1), P53. 

Zhang, M., Behrens, E. M., Atkinson, T. P., Shakoory, B., Grom, A. A., & Cron, R. Q. (2014). 
Genetic defects in cytolysis in macrophage activation syndrome. Current Rheumatology 
Reports, 16, 439-446. 


138 A. A. Grom 


28. Jessen, B., Kogl, T., Sepulveda, F. E., de Saint Basile, G., Aichele, P., & Ehl, S. (2013). Graded 
defects in cytotoxicity determine severity of hemophagocytic lymphohistiocytosis in humans 
and mice. Frontiers in Immunology, 4, 448. 

29. Spessott, W. A., Sanmillan, M. L., McCormick, M. E., Patel, N., Villanueva, J., Zhang, K., 
et al. (2015). Hemophagocytic lymphohistiocytosis caused by dominant-negative mutations in 
STXBP2 that inhibit SNARE-mediated membrane fusion. Blood, 125, 1566-1577. 

30. Zhang, M., Bracaglia, C., Prencipe, G., Bemrich-Stolz, C. J., Beukelman, T., Dimmitt, R. A., 
et al. (2016). A heterozygous RAB27A mutation associated with delayed cytolytic gran- 
ule polarization and hemophagocytic lymphohistiocytosis. Journal of Immunology, 196, 
2492-2503. 

31. Zhang, K., Biroscak, J., Glass, D. N., Thompson, S., Finkel, T., Murray, P., et al. (2008). 
Macrophage activation syndrome in systemic juvenile idiopathic arthritis is associated with 
MUNC13D gene polymorphisms. Arthritis and Rheumatism, 58, 2892—2896. 

32. Bruno, G., Cannella, S., Trizzino, A., Mosa, C., Faruggia, P., Guggino, G., et al. (2012). PRF1 
A91V mutation associated with MUNC13-4 polymorphisms predispose to haemophagocytic 
lymphohistiocytosis. Journal of Clinical Immunology, 32(Suppl 1), 631. 

33. Schulert, G., Zhang, M., Husami, A., Fall, N., Brunner, H., Zhang, K., et al. (2018). Novel 
NC13D intronic variant disrupting a NFkB enhancer in a patient with recurrent macrophage 
activation syndrome and systemic JIA. Arthritis Rheumatol 70(6), 963—970. 

34. Cichocki, F., Schlums, H., Li, H., et al. (2014). Transcriptional regulation of MUNC13-4 
expression in cytotoxic lymphocytes is disrupted by an intronic mutation associated with pri- 
mary immunodeficiency. The Journal of Experimental Medicine, 211, 1079-1091. 

35. Canna, S. W., de Jesus, A. A., Gouni, S., Brooks, S. R., Marrero, B., Liu, Y., et al. (2014). An 
activating NLRC4 inflammasome mutation causes autoinflammation with recurrent macro- 
phage activation syndrome. Nature Genetics, 46, 1140-1146. 

36. Romberg, N., Al Moussawi, K., Nelson-Williams, C., Stiegler, A. L., Loring, E., Choi, M., 
et al. (2014). Mutation of NLRC4 causes a syndrome of enterocolitis and autoinflammation. 
Nature Genetics, 46, 1135-1139. 

37. Yanagimachi, M., Naruto, T., Miyamae, T., Hara, T., Kikuchi, M., Hara, R., et al. (2011). 
Association of IRF5 polymorphisms with susceptibility to macrophage activation syndrome in 
patients with juvenile idiopathic arthritis. The Journal of Rheumatology, 38, 769-774. 

38. Bracaglia, C., Kathy de Graaf, K., Marafon, D. P., D’Ario, G., Guilhot, F., Ferlin, W., et al. 
(2017). Elevated circulating levels of interferon-y and interferon- induced chemokines charac- 
terize patients with macrophage activation syndrome complicating systemic JIA. Annals of the 
Rheumatic Diseases, 76, 166—172. 


Part III 
Immunology of Cytokine Storm Syndromes 


CD8* T Cell Biology in Cytokine Storm A 


Syndromes KETAN 


Takuya Sekine, Donatella Galgano, Giovanna P. Casoni, Marie Meeths, 
and Yenan T. Bryceson 


Introduction 


Cytokine storm syndromes (CSS) represent a group of potentially fatal hyperin- 
flammatory syndromes. Hemophagocytic lymphohistiocytosis (HLH) is character- 
ized by unremitting fever, hepatosplenomegaly, hyperferritinemia, cytopenia, and 
sometimes hemophagocytosis. Familial forms of the HLH are typically early-onset 
and often triggered by infections (e.g., herpes viruses) that lead to acute, fulminant, 
and unremitting inflammation [1, 2]. High levels of pro-inflammatory cytokines, 
including interferon (IFN)-y, tumor necrosis factor (TNF), interleukin (IL)-6, 
IL-12, and IL-18, as well as the anti-inflammatory cytokine IL-10, have been 
reported in HLH [3—6]. In one study high levels of IFN-y, interferon-inducible pro- 
tein-10 (IP-10/CXCL10, a chemokine induced by IFN-y), and IL-10 were 
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associated with early mortality [7]. Histologically, HLH is characterized by acti- 
vated macrophages and expansion of CD8* T cells that infiltrate tissues [8, 9]. 
According to current clinical criteria, at least five of eight defined criteria need to 
be fulfilled for the diagnosis of HLH [10]. Clinically, macrophage activation syn- 
drome (MAS) has similar diagnostic criteria as, and can be difficult to distinguish 
from, HLH [11]. A clinical scoring system can assist discrimination of HLH from 
MAS [12]. Providing a biological marker potentially differentiating HLH from 
MAS, chronic elevation of IL-18, unbound from the IL-18 binding protein, has 
recently been associated with an increased risk of MAS [13]. Another form of CSS 
has been reported following T cell-directed therapies (e.g., upon administration of 
agonistic anti-CD28 antibodies or treatment of B-precursor acute lymphoblastic 
leukemia with CD19/CD3-bispecific T cell receptor engaging antibodies) [14, 15]. 
The pathophysiology of CSS after immunotherapy is still poorly understood, but is 
linked to massive T cell-mediated release of cytokines following strong therapeutic 
stimuli. In turn, these cytokines may trigger activation of innate immune cells, 
exacerbating inflammation. 

Here, we focus on the role of CD8* T cells in the pathophysiology of CSS, with 
a particular emphasis on congenital forms of HLH noted for CD8+ T cell 
dysfunction. 


Genetic Hemophagocytic Lymphohistiocytosis Predispositions 
Implicating CD8* T Cells 


Through seminal studies of patients with familial forms of HLH by Kumar and col- 
leagues, biallelic loss-of-function mutations in the gene encoding perforin, PRFI, 
were identified as a cause of primary HLH [16]. This study thereby provided a 
definitive link between perforin-mediated cytotoxicity and disease, demonstrating 
that lymphocyte cytotoxicity required not only for clearing abnormal cells but also 
for controlling the magnitude of immune responses. Perforin is specifically 
expressed by cytotoxic lymphocytes and is stored together with apoptosis-inducing 
granzyme proteins in cytotoxic granules, a form of secretory lysosome. Of note, Fas 
ligand is another apoptosis-inducing transmembrane protein that localizes to cyto- 
toxic granules in unstimulated cells [17]. Defects in Fas ligand-mediated killing of 
lymphocytes, typically caused by somatic, dominant-negative mutations in the Fas 
receptor are also associated with lymphoproliferative disease [18], termed autoim- 
mune lymphoproliferative syndrome (ALPS). However, in contrast to HLH, ALPS 
is typically characterized by chronic, non-infectious lymphoadenopathy or spleno- 
megaly, in addition to an elevated frequency of CD3*TCRaB*CD4-CD8~ double- 
negative T cells in peripheral blood [19]. 

In subsequent studies of other families with familial HLH, biallelic loss-of- 
function mutations in UNCI/3D, STX11, and STXBP2 were also identified as caus- 
ative of disease [20-23]. These genes encode the cytosolic proteins Munc13-4, 
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syntaxin-11 (Stx11), and Munc18-2, respectively, which are widely expressed in the 
immune system as well as other hematopoietic cell types and certain tissues. Studies 
of lymphocytes from patients with biallelic nonsense mutations in these genes have 
established that that their protein products are required for exocytosis of perforin- 
containing cytotoxic granules [20, 22—24], providing an explanation for why such 
mutations may give rise to syndromes that clinically phenocopy perforin deficiency. 
In addition, Griscelli syndrome type 2 (GS2) and Chediak—Higashi syndrome 
(CHS), caused by mutations in RAB27A and LYST, respectively, display partial albi- 
nism and are also associated with development of HLH [25, 26]. Both GS2 and 
CHS patients display impaired lymphocyte cytotoxicity due to defective cytotoxic 
granule exocytosis [25, 27]. Furthermore, patients with X-linked lymphoprolifera- 
tive syndrome (XLP) caused by mutations in SH2D/A and XIAP [28-31], respec- 
tively, may also present with HLH although an overt defect in lymphocyte 
cytotoxicity per se is not usually observed [32]. 

Altogether, genetic studies have provided strong links between mutations in 
genes required for lymphocyte cytotoxicity and hyperinflammatory syndromes 
such as HLH, representing an example of how rare human diseases can provide 
molecular insights to crucial physiological processes. Retrospective analyses have 
demonstrated that patients with biallelic nonsense mutations in PRFI or UNCI3D 
invariably present with HLH within their two first years of life [33—35]. Nonsense 
mutations in STXBP2, RAB27A and in particular STX// may present later in child- 
hood. The incidence of such autosomal recessively inherited HLH in infancy and 
childhood has been estimated to 1/50,000 live-births [36], which is for example 
comparable to that of severe combined immunodeficiency [37]. Warranting func- 
tional studies of patients [32], disease-causing mutations are not necessarily 
detected by sequencing the coding regions of genes. Noncoding mutations can 
explain a high proportion of early-onset HLH cases [38-41]. These studies have 
revealed a lymphocyte-specific intronic enhancer and alternative transcriptional 
start site of UNC/3D controlled by ETS family transcription factor binding [42]. In 
the same intron, another mutation affecting NF«B transcription factor binding has 
been associated with impaired UNC/3D transcription in a patient diagnosed with 
recurrent MAS [43]. Moreover, deletions of the RAB27A promoter have been 
reported in GS2 [44, 45], in certain cases deleting a lymphocyte-specific promoter 
that thereby impaired lymphocyte cytotoxicity without affecting the pigmentation 
of melanocytes. Results from multiple lines of investigation suggest that only muta- 
tions that severely reduce the function of specific proteins required for lymphocyte 
cytotoxicity are associated with familial HLH, whereas hypomorphic variants can 
be associated with later onset of disease and reduced penetrance [46, 47]. In accor- 
dance with these observations, mouse studies of perforin-mediated immune regula- 
tion in the context of mixed chimerism indicate that 10-20% of perforin-expressing 
lymphocytes is sufficient to avoid development of hyperinflammatory diseases 
upon viral challenge in an animal model of HLH [48]. Similarly, clinical data sug- 
gest more than 20% donor cells suffice to prevent HLH reactivation in transplanted 
patients [49]. Nonetheless, biallelic hypomorphic variants in HLH-associated 
genes have also been associated with presentation of HLH, more commonly in 
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adults [33, 50, 51]. The degree to which monoallelic mutations in HLH-associated 
genes may cause disease is not clear [50, 52]. Mouse models suggest that heterozy- 
gous mutations in different HLH-associated may add up in terms of HLH suscepti- 
bility [53], although analyses of HLH patient exomes do not suggest that polygenic 
effects are a major cause of HLH [54]. Adding to the complexity of HLH genetics, 
two recent reports have suggested that certain mutations in HLH-associated genes 
may act in a dominant negative manner. Two rare heterozygous STXBP2 missense 
variants have been described in children with HLH [55], albeit with incomplete 
penetrance. In vitro membrane fusion assays revealed that these variants arrest the 
late steps of soluble N-ethylmaleimide-sensitive factor attachment protein receptor 
(SNARE)-complex assembly, explaining reduced cytotoxic granule exocytosis and 
potentially HLH susceptibility. Furthermore, two unrelated adolescents with HLH 
have been described to carry a specific heterozygous RAB27A missense variant, 
again with incomplete penetrance [56]. This Rab27a variant displayed impaired 
interactions with Munc13-4 and overexpression of the variant reduced lymphocyte 
degranulation. 

Together these genetic findings suggest a strong association between lymphocyte 
cytotoxicity, in part mediated by CD8* T cells, and HLH. Genetic associations high- 
light a continuum of mutations that also includes heterozygous, dominant negative 
variants. It can be assumed that only a fraction of individuals carrying hypomorphic 
variants in HLH-associated genes actually present with HLH. Given the prevalence 
of loss-of-function variants in HLH-associated genes, it is quite possible that many 
individuals present with other diseases as a consequence of impaired lymphocyte 
cytotoxicity (e.g., cancer) [46, 57—59]. 


Key Roles of CD8* T Cells in the Pathophysiology of Familial 
Forms of Hemophagocytic Lymphohistiocytosis 


In human peripheral blood, natural killer (NK) cells and differentiated CD8* T cells 
represent the major perforin-expressing cell subsets [60, 61]. In agreement with the 
finding that autosomal recessive loss-of-function mutations in perforin cause HLH, 
a characteristic laboratory finding of HLH is defective NK cell-mediated cytotoxic- 
ity [62, 63]. Animal models have offered more detailed understanding of the cellular 
processes underlying HLH. Although both NK cells and T cells can play important 
roles in protection against infected or transformed cells, perforin-deficient mice do 
not develop HLH-like symptoms unless they are infected [64—66]. Moreover, a 
murine cytomegalovirus (MCMV) susceptibility screen of N-ethyl-N-nitrosourea- 
mutagenized mice identified an Unc/3d splice mutation, with animals susceptible to 
HLH-like disease upon lymphocytic choriomeningitis (LCMV) infection, but not 
upon infection with MCMV or the intracellular parasite Listeria monocytogenes 
[67]. Notably, a seminal study by Jordan and colleagues infecting perforin-deficient 
mice on the C57BL/6 background with LCMV revealed that disease could be 
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ameliorated by depletion of CD8* cells or neutralization of IFN-y, but not other 
cytokines including TNF, IL-12, and IL-18, suggesting central roles for CD8* T cells 
and IFN-y in HLH pathogenesis [68]. In this mouse model, administration of anti- 
IFN-y could ameliorate disease, indicating therapeutic potential [69]. Providing 
insights to the cellular basis for pathophysiology, the perforin-deficient mouse model 
displays greater CD4* and CD8* T cell expansions upon LCMV infection [65]. In 
this context, CD8* T cells mediate a negative feedback loop involving perforin- 
dependent elimination of antigen-presenting dendritic cells (DCs) [70]. Genetic 
interference of /tgb2, encoding the B2-integrin important for lymphocyte adhesion, 
or Tnf upon LCMV infection of Munc13-4-deficient mice demonstrated that neither 
cell contact nor TNF was essential for development of disease [71]. However, stud- 
ies of perforin-deficient mice have indicated that defective lymphocyte cytotoxicity 
mechanistically results in prolonged interactions between cytotoxic effector cell and 
their target cell, greatly amplifying the quanta of IFN-y secreted by CD8* T cells and 
NK cells [72]. Disruption of Myd8&8, encoding a cytosolic adaptor protein for inflam- 
matory signalling pathways, in Muncl3-4-deficient mice infected with LCMV 
blocked development of HLH-like disease, revealing a key role for MyD88 in pro- 
moting myeloid and lymphoid proliferation [71]. IL-33 is a cytokine belonging to 
the IL-1B and IL-18 family that signals via a MyD88-dependent pathway. 
Interestingly, blockade of IL-33 receptor, ST2, improves survival of LCMV-infected 
perforin-deficient mice, reducing serum levels of IFN-y [73]. This finding suggests 
that danger signals such as IL-33 released from tissues can act as amplifiers of 
immune dysregulation in viral-triggered forms of familial HLH. 

Together, these studies of the LCMV-infection based mouse model of HLH point 
to key roles of CD8* T cells and IFN-y in driving the pathogenesis of HLH. In this 
context, it should be noted that mutations in genes besides those implicated in lym- 
phocyte cytotoxicity have also been linked to HLH susceptibility [54, 74, 75]. 
Notably, T cell-deficient severe combined immunodeficiency patients, harboring 
mutations in genes required for T cell development, can develop hyperinflammatory 
disease that fulfills HLH criteria [74]. Supporting the notion of CD8* T cell- 
independent hyperinflammatory disease, persistent exposure of mice to Toll-like 
receptor (TLR)9 ligand CpG resulted in an HLH- or MAS-like disease which could 
develop independently of T cells [76]. Such a TLR9-triggered cytokine storm was 
also partially mediated by IFN-y and dependent on the presence of conventional 
DCs, while depletion of NK cells ameliorated disease and blockade of IL-10 recep- 
tors exacerbated disease. Moreover, MCMV infection of the BALB/c strain of mice 
induces an HLH-like disease that can also develop upon depletion of CD8* T cells 
specifically or in animals lacking lymphocytes altogether [77, 78]. Notably, activat- 
ing mutations in NLRC4 can cause severe MAS-like autoinflammation in humans 
and mice, mimicking HLH [79, 80]. Moreover, monoallelic variants in NLRP/2 and 
biallelic variants in NLRP4, NLRC3, and NLRP13, encoding different inflamma- 
somes, have been linked to HLH susceptibility [54]. In settings of inflammasome 
activation, IL-18 and other pro-inflammatory innate cytokines could in combination 
induce IFN-y production by T cells and NK cells [81, 82]. 
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Elegant studies have demonstrated that IFN-y plays a critical role in the patho- 
genesis of HLH, driving macrophage activation, eliciting hemophagocytosis and 
thereby leading to cytopenias affecting multiple cell lineages [83]. Potentially being 
one of the major sources of IFN-y, CD8* T cells may represent cellular culprits of 
IFN-y-dependent pathogenicity. However, in a model of hemophagocytosis driven 
by TLR9 stimulation, immunopathology was comparable between wild-type and 
Ifng-deficient mice, demonstrating that fulminant MAS can arise independently of 
IFN-y [84]. Importantly, this study suggested that dysregulation of erythropoiesis 
rather than hemophagocytosis may cause anemia in hyperinflammatory settings 
[84]. In line with these observations, two patients with IFN-y receptor deficiency 
have been reported to fulfill HLH criteria in the context of severe viral and myco- 
bacterial infections, with a notable lack of hemophagocytosis [85]. Interestingly, 
antibody-mediated neutralization of TNF in MCMV-infected Prf7 knock-out mice, 
a model of HLH that also involves the antiviral activity of NK cells, suggested a 
central role for TNF in pathogenesis [66]. Interestingly, in pre-immunized mice, 
pathology induced by LCMV infection is less dependent on IFN-y and more medi- 
ated by TNF than in non-immunized, pathogen-naive mice [86]. Thus, other cell 
types and cytokines distinct from IFN-y (e.g., TNF) may also contribute to disease. 

Besides CD8* T cells, NK cells represent a major subset of perforin-expressing 
lymphocytes. Interestingly, in the mouse LCMV infection model, NK cells can 
eliminate activated CD4* T cells, thereby tuning CD8* T cell responses [87]. In this 
model, mice with CD8* T cell-specific perforin deficiency (1.e., with intact NK cell 
cytotoxicity) displayed reduced hyperinflammatory manifestations and improved 
survival without reduction in viral loads relative to complete perforin-deficient mice 
(1.e., also lacking NK cell cytotoxicity) [88]. In contrast, mice treated with anti- 
NK1.1 antibody to deplete NK cells displayed exacerbated inflammation [88]. 
These experiments reveal a crucial contribution of NK cells to immunoregulation 
and maintenance of immune homeostasis upon viral challenge via control of T cell 
activation, rather than mediating HLH pathogenesis. It is also possible that NK cells 
contribute to pruning of activated DCs [89]. 

Remarkably, Stx//7 knock-out mice develop all clinical signs of HLH-like dis- 
ease upon LCMV infection, but unlike Prf7 knock-out mice do not progress to fatal 
disease [90]. Survival of Stx11-deficient mice was determined by exhaustion of 
antigen-specific CD8* T cells, characterized by expression of inhibitory receptors, 
and sequential loss of effector functions leading to T cell deletion. Notably, in this 
model, blockade of inhibitory receptors on T cells in Stx11-deficient mice resulted 
in fatal HLH, potentially identifying T cell exhaustion as an important factor deter- 
mining HLH disease severity. In familial HLH patients, polyclonal CD8* T cells 
typically display high expression of the activation marker HLA-DR and check-point 
inhibitory receptor PD-1 [91]. By comparison, expression of activation markers was 
similar in secondary HLH patients associated with viral infection but less in other 
secondary HLH patients. Notably, possibly reflecting different pathways of 
pathogenesis, a high proportion of polyclonal CD4*CD127- T cells expressing 
HLA-DR, CD57, and perforin was a signature of infants with familial HLH, distin- 
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guishing them from patients with virus-associated secondary HLH. Highlighting an 
interplay between CD4* and CD8* T cells in development of HLH, the LCMV 
infection perforin-deficient mouse model of HLH has demonstrated that excessive 
activation of CD8* T cells consumes IL-2, resulting in a collapse in regulatory CD4* 
T cell numbers [92]. Diminished CD4* T cell numbers were also observed in 
patients with HLH flares [92]. With most insights to HLH pathophysiology stem- 
ming from mouse models of disease, it is important to note that standard laboratory 
mice differ in several ways from human as well as murine counterparts exposed to 
a natural environment that provides a greater diversity of 1mmune challenges. 
Laboratory mice typically display a T cell population with features of differentia- 
tion reminiscent of newborn humans, whereas mice exposed to a more natural envi- 
ronment have more differentiated T cells [93]. A recent study demonstrated that 
prior antigen exposure of Prf7 knock-out mice exacerbated the course of HLH-like 
disease upon LCMV infection [86]. Thus, some mouse models may display reduced 
severity of disease and, with relevance to patients, a more differentiated T cell com- 
partment may worsen the outcome of HLH. 

In summary, relevant models of HLH pathogenesis in the setting of defective 
lymphocyte cytotoxicity indicate that CD8* T cells can represent drivers of disease, 
releasing cytokines that promote pathology and killing target cells that further exac- 
erbate the release of pro-inflammatory cytokines from innate immune cells (Fig. 1). 
However, other forms of disease, such as MAS, may develop independently of 
CD8* T cells. 


Molecular Mechanisms of CD8* T Cell Killing of Target Cells 


More than 30 years ago, prior to genetic associations with HLH, perforin was rec- 
ognized as a pore-forming molecule implicated in killing of target cells [94]. In light 
of its central role in lymphocyte cytotoxicity, numerous studies have been focused 
on understanding how perforin itself mediates and how other HLH-associated cyto- 
solic proteins facilitates target cell killing [95, 96]. Here, we focus on recent insights 
on the molecular regulation of cytotoxic lymphocyte exocytosis and perforin-medi- 
ated target cell killing. 

Perforin-mediated lysis of target cells is believed to occur either through direct 
osmotic lysis or by facilitating entry of granzymes that subsequently induce target 
cell death [97]. Live-cell imaging studies have demonstrated that, upon encounter of 
susceptible target cells, cytotoxic lymphocytes can release cytotoxic granules and 
form pores in the target cell membrane within seconds [98]. Such pores on the target 
cell membrane are rapidly repaired, with signs of target cell apoptosis nonetheless 
appearing within minutes of perforin-mediated permeabilization [98]. Although the 
process is not completely understood, cytotoxic lymphocyte detachment from dying 
target cells are caspase-dependent [72]. The virtue of individual cytotoxic lympho- 
cytes to unidirectionally kill target cells without themselves undergoing apoptosis, 
yet retain sensitivity to attack mediated by other cytotoxic lymphocytes, has been 
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Fig. 1 Involvement of CD8* T cells in different genetic forms of cytokine storm syndromes. (a) In 
a normal individual, cellular infection triggers release of pro-inflammatory cytokines such as IL-1, 
IL-18, and IL-33 as well as chemokines from cells in tissue. In turn, antigen presenting cells such 
as macrophages and dendritic cells are recruited and activated by the cytokine environment and by 
direct recognition of pathogen-derived molecules. Antigen presenting cells can produce innate 
cytokines, including IL-1B, IL-6, and IL-12, as well as chemokines, alerting and recruiting other 
immune cells, including CD8* T cell and NK cells. T cells can be primed through interactions with 
antigen-presenting cells and in turn kill infected cells. A major role for NK cells is in maintaining 
immune homeostasis through killing of activated immune cells. In certain settings, NK cells may 
also kill infected cells. Activation of CD8* T cells and NK cells via direct target cell interactions as 
well as cytokine stimulation can induce production and release of cytokines such as IFN-y and 
TNE. (b) In a patient with mutations in genes required for lymphocyte cytotoxicity and associated 
with familial forms of HLH, cellular infection triggers an excessive inflammatory response. 
Defective CD8* T cells are unable to kill infected cells, leading to high levels of pro-inflammatory 
cytokines. High levels of pro-inflammatory cytokines, as well as prolonged interactions with 
infected cells by cytotoxic lymphocytes unable to kill, resulting in massive expansions of CD8* T 
cells and over-production of cytokines such as IFN-y and TNF. These cytokines in turn drive 
pathology, ultimately leading to multiorgan failure and death. Defective NK cell killing of acti- 
vated immune cells, including CD8* T cells, can contribute to the exacerbated immune responses 
and pathology. (c) Activating mutations in NLRC4, an inflammasome component, result in high 
constitutive release of IL-18 from tissue cells, which may occur without any infection. IL-18 secre- 
tion leads to immune activation, with CD8* T cell and NK cells capable of producing large amounts 
of IFN-y in response to IL-18 in combination with certain other cytokines. IFN-y. Black arrows 
indicate activation of immune cells and red arrows indicate interactions that result in target cell 
killing. Dashed arrows represent possible cytotoxic activity. The font size of cytokines indicates 
their magnitude in different settings 


enigmatic. A possible explanation for this feature may be concomitant surface 
expression of CD107a (also known as lysosome-associated membrane protein 
[LAMP]-1) upon cytotoxic granule release. CD107a is a highly glycosylated mem- 
brane integral protein localized to cytotoxic granules and is transiently expressed on 
the surface of cytotoxic lymphocytes following cytotoxic granule exocytosis. 
Besides representing a useful marker for quantifying the frequency and intensity of 
cytotoxic granule exocytosis [32], CD107a surface expression may also facilitate 
granule biogenesis and protect cytotoxic lymphocytes from self-destruction [99, 
100]. Most mutations in PRF/ associated with HLH can be explained by an inabil- 
ity of cytotoxic lymphocytes to express perforin capable of forming pores in target 
cell membranes [101]. Of note, granzyme-deficiencies have so far not been 
associated with HLH, suggesting functional redundancy among different members 
of the granzyme family of proteins for induction of target cell death [97]. Granzyme 
B, an effector of target cell apoptosis and major constituent of cytotoxic granules, is 
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activated through proteolytic cleavage by cathepsin C [102]. Papillon—Lefevre syn- 
drome is caused by mutations in CTSC, encoding the cathepsin C peptidase. 
Although NK cells from Papillon—Lefevre syndrome patients display impaired 
cytotoxicity, they have not been reported to develop HLH. Rather, the syndrome is 
characterized by early onset of peridontitis, which is in some cases thought to be 
viral in origin [103]. The lack of HLH in Papillon—Lefevre syndrome patients might 
be explained by observations that stimulation of NK cells with IL-2 restored the 
ability to process granzyme B [102]. Consistent with this, another study that did not 
find any cytotoxic defect in cultured NK cells from Papillon—Lefevre patients [104]. 
Apart from perforin and other cytotoxic granule constituents, several studies 
have also attempted to elucidate how deficiency in cytosolic proteins LYST, Rab27a, 
Munc13-4, Stx11 and Muncl8-2 mechanistically cause disease. LYST is a large, 
membrane integral protein. LYST-deficiency in CD8* T cells results in enlarged 
cytotoxic granules incapable of fusing with the plasma membrane [105]. In LYST- 
deficient cells, the enlarged organelle represents a hybrid compartment, suggesting 
a role for LYST in fission and biogenesis of cytotoxic granules, thus affecting effec- 
tor protein compartmentalization and thereby cytotoxic granule fusion with the 
plasma membrane [106, 107]. LYST is one of several members of a BEACH-domain 
containing protein family. Notably, whereas LYST-deficient CD8* T cells and NK 
cells display similar defects in cytotoxic granule exocytosis, they differ in that CD8* 
T cells typically have several enlarged lysosomes while NK cells typically only 
contain a single enlarged lysosome [108]. Subtle differences in the function of 
LYST-deficient CD8* T cells versus NK cells may be of clinical interest. In line with 
a prominent role for CD8* T cells in HLH pathogenesis, studies of CHS patients 
have also suggested that LYST mutations preferentially affecting NK cell cytotoxic- 
ity, rather than both CTL and NK cell cytotoxicity, may be associated with milder 
disease and reduced predisposition to HLH, although this study could not ascribe 
clear genotype—phenotype correlations [109]. Of note, adaptor protein-3 deficiency 
also leads to enlarged cytotoxic granules and impaired exocytosis; however, patients 
with AP3BP/ mutations typically do not develop HLH [110, 111]. Rab27a supports 
anterograde transport of cytotoxic granules on actin filaments to the plasma mem- 
brane through binding of Slp3 and kinesin-1 [112]. Munc13-4 is an effector of GTP- 
bound Rab27a [113], sensing intracellular Ca** concentrations that are elevated 
upon recognition of sensitive target cells via two C2 protein domains [114, 115]. 
Interestingly, neither Munc13-4 nor Rab27a is constitutively associated with cyto- 
toxic granules. Rather, highlighting a complex series of fusion events preceding 
cytotoxic granule exocytosis, Munc13-4 and Rab27a are recruited to cytotoxic gran- 
ules downstream of signals from distinct plasma membrane receptors [116, 117]. 
Stx11 and Muncl18-2, in addition to SNAP-23 represent a plasma membrane 
complex facilitating exocytosis of cytotoxic granules. Unlike most other syntaxin 
family members, Stx11 lacks a C-terminal transmembrane domain but rather is 
anchored to membrane through S-acetylation of C-terminal cysteine residues 
[118]. Stx11 resides on recycling endosomes that are recruited to the immune syn- 
apse prior to cytotoxic granule exocytosis [119], depositing Stx11 to the plasma 
membrane [120]. Stx11 interacts with Muncl8-2, with Muncl8-2 deficiency 
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resulting in loss of Stx11 expression [22, 23]. Recent structural and mutagenesis 
studies of Munc18-2, as well as mutagenesis studies of Stx11, reveal that Stx11 
and Munc18-2 interactions depend on both the N-terminal peptide (corresponding 
to the first few amino acids) and Habe domain of Stx11 [121, 122], similar to the 
binary interaction described between Stx] and Munc18-1 in neurons [123, 124]. 
Not only Muncl8-2 acts as a chaperone of Stx11, but it also directly promotes 
SNARE complex assembly, facilitating membrane fusion [125]. Moreover, via its 
SNARE domain Stx11 interacts with SNAP-23 [118, 126], a plasma membrane 
anchored protein with two SNARE domains. Interestingly, unlike Muncl3-4 and 
Munc18-2-deficiency, cytokine stimulation of Stx11 deficient cytotoxic lympho- 
cytes can result in a partial gain of exocytic capacity, explaining the later onset and 
somewhat milder disease progression of patients carrying biallelic STX// muta- 
tions [24, 32, 33]. Besides Stx11, Munc18-2 can also bind Stx3, albeit with a bind- 
ing affinity 20-fold lower than that for Stx11 [122]. Thus, it is possible that 
Munc18-2 binding to Stx3 can contribute to cytotoxic granule exocytosis in acti- 
vated cells, providing some level of redundancy for cytotoxic granule exocytosis 
[122]. Furthermore, Stx11 and its interaction partner SNAP-23 may well form the 
t-SNARE on the plasma membrane for cytotoxic granule fusion. The identity of 
the v-SNARE for lytic granule exocytosis is not clear. Studies of murine CTL indi- 
cate that that both Vamp2 and VampS-deficient mice display impaired cytotoxic 
granule exocytosis [119, 127, 128]. In mice, VAMP2 localizes to cytotoxic gran- 
ules [129], but it is not expressed in human cytotoxic lymphocytes [120]. In human 
CD8* T cells, VAMP8 localizes to Rab1 lat recycling endosomes and mediates T 
cell receptor-triggered fusion at the plasma membrane, preceding and facilitating 
that of cytotoxic granules [120]. Knockdown of Stx4, a plasma-membrane local- 
ized t-SNARE, in CD8* T cells attenuated exocytosis of Rab11a* recycling endo- 
somes and surface expression of CD107a, resulting in diminished cytotoxic activity 
[130]. Thus, Stx4, likely together with SNAP-23, serves as a cognate plasma mem- 
brane t-SNARE for recycling endosome exocytosis. Thus far, mutations in STX4, 
VAMP2 or VAMPS have not been associated with development of HLH. VampS& 
knockout mice are viable put display severe pancreatic defects and die early [131], 
whereas Vamp2 knockout mice die immediately after birth [132]. 

In summary, studies of proteins implicated in cytotoxic granule exocytosis have 
unraveled the intricate regulation of cytotoxic lymphocyte-mediated target cell killing 
(Fig. 2). Nonetheless, further studies are warranted to gain deeper understanding of 
the molecular mechanism underlying lymphocyte cytotoxicity. For example, it remains 
unclear how signals from transmembrane receptors precisely spatially regulate exocy- 
tosis at the immune synapse and how endocytosis and recycling of membrane- 
anchored proteins is regulated for serial exocytosis and target cell killing [133]. 
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Fig. 2 Mechanisms of cytotoxic granule release in cytotoxic CD8* T cells. LYST has been impli- 
cated in biogenesis of cytotoxic granules (CGs), regulating fission and fusion (not depicted). After 
target cell recognition, numerous small recycling endosomes (RE) carrying VAMP8 and Stx11 (1) 
traffic to the CD8* T cell immune synapse and (2) undergo VAMP8-dependent fusion with the 
plasma membrane, through interaction with plasma membrane Stx4 and SNAP-23 SNARE com- 
plex partners. Such exocytosis of recycling endosomes deposits high amounts of Stx11 molecules 
in the plasma membrane, which may (3) lead to the formation of Stx11 and SNAP-23 SNARE 
complexes. Munc18-2 interacts with Stx11, promoting stability and regulating Stx11 conforma- 
tion. Initial activity at the immune synapse thus forms “active zones” where docking of cytotoxic 
granules containing perforin and granzymes may occur. Engagement of and signaling from the 
T cell receptor induces (4) recruitment of Rab27a and Munc13-4 to cytotoxic granules, facilitating 
clustering of granules to the microtubule organizing center and polarization of this structure toward 
the plasma membrane. At the plasma membrane, larger CGs can (5) dock through interactions of 
R-SNARE proteins with plasma membrane Stx11—SNAP-23 complexes, facilitating (6) Munc13- 
4-mediated CG exocytosis that releases cargo necessary for target cell killing. Proteins in which 
mutations have been associated with familial forms of HLH are highlighted in red or orange. The 
figure is adapted from reference [120] 


Pathophysiology of Cytokine Storm Syndromes in T 
Cell-Targeted Immunotherapy 


There is currently a strong interest in harnessing T cell function, in particular that of 
cytotoxic CD8* T cells, for cellular immunotherapy of cancer. Different approaches 
have been taken. One promising avenue of investigation that already has reached the 
clinic is chimeric antigen receptor (CAR)-modified T cells [134]. Potentially fatal 
CSS represent a common complication of both epidermal growth factor receptor 2 
and B cell receptor targeted T cells [135—137]. Usually occurring within days of CAR 
T cell infusion, the severity of CSS correlate with tumor load. In the clinic, these 
severe hyperinflammatory reactions have been treated with TNF blockade (etaner- 
cept) and anti-IL-6 receptor antibody (tocilizumab) [134, 138]. A mouse model of 
potentially lethal CSS developing 2—3 days after CAR T cell infusion has recently 
provided pathophysiological insights with potentially therapeutic implications. In this 
model, a range of cytokines including IL-6 and IFN-y were elevated [139]. The CSS 
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in this model was ameliorated by IL-6 receptor blockade. The severity in this model 
was not mediated by CAR T cell-derived cytokines, but by IL-6, IL-1 and nitric oxide 
(NO) produced by recipient macrophages. Remarkably, IL-1Ra blockade protected 
from severe CSS without compromising antitumor efficacy. These results demon- 
strate how innate immune cells can greatly exacerbate pathology instigated by strong 
T cell responses [139]. Importantly, together with studies of innate cytokines in HLH 
[73], they provide a rationale for targeting the innate immune system for treatment of 
diverse CSS. 


Summary and Therapeutic Perspectives 


A large number of studies ranging from animal models to clinical observations in 
CSS patient samples implicate CD8* T cells as key culprits in propagating hyperin- 
flammatory disease, both in settings of familial HLH as well as in T cell-mediated 
immunotherapy. Their role appears more peripheral in more autoinflammatory CSS 
forms such as MAS. Recent reports have highlighted the release of cytokines from 
innate cells as an important component of the inflammatory cascade both down- 
stream of inflammasome activation and of T cell-related tissue destruction in dis- 
tinct forms of CSS. Such novel mechanistic insights are providing new, promising 
therapeutic targets. 

An etoposide and dexamethasone-based regiment has proven efficacy in treating 
HLH [140], effectively ablating activated T cells [141], and thereby bridging famil- 
ial HLH patients to curative hematopoietic stem cell transplantation. However, 
more effective therapies based on immunological knowledge are called for [142]. 
IL-18 antagonists have successfully been used to treat MAS patients [143]. 
Molecular insights to MAS caused by activating NLRC4 mutation have uncovered 
IL-18 inhibition as a promising disease target [144]. Animal models of familial 
HLH have provided a rational for neutralization of CD8* T cell-derived IFN-y [68, 
69], although this may not have any effect in some forms of HLH and may be less 
effective in older individuals that have a more mature, experienced immune system 
[85, 86]. Potentially attenuating pro-inflammatory cytokine signalling and produc- 
tion in both CD8* T cells and innate immune cells, the JAK1/2 inhibitor ruxolitinib 
has demonstrated remarkably efficacy in models of both familial HLH and MAS 
[145, 146]. These findings hold promise for broadly targeting hyperactivated cells 
in a variety of CSS, thereby reducing patient morbidity and mortality. 
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Introduction 


Natural killer (NK) cells are innate immune lymphocytes first recognized more than 
40 years ago for their ability to kill tumor cells without prior sensitization [1]. Since 
that time, it has been recognized that NK cell activation is tightly regulated by cyto- 
kines and through a repertoire of germ line-encoded receptors that allow NK cells 
to distinguish self- and nonself cells. NK cells also play a critical role in the early 
innate immune response by production of cytokines, in particular serving as an 
early source of interferon-gamma (IFN-y), a cytokine important for the elimination 
of intracellular organisms and activation of an adaptive immune response. While 
classified as “innate” lymphocytes, NK cells have memory-like properties with 
altered responses based on prior experiences. Thus, our understanding of the biol- 
ogy of NK cells has changed over the last four decades, as has our appreciation of 
their significance in human disease. 

Here we focus on the fundamental biology of human NK cells, and how altera- 
tions in NK cell function relate to cytokine storm syndrome (CSS) in primary and 
secondary HLH (pHLH and sHLH). NK cell cytotoxic function is frequently low or 
absent in both pHLH and sHLH, as well as relatives of patients with HLH [2]. In 
pHLH, impaired NK cell cytotoxicity is reflective of underlying genetic defects 
affecting mechanisms of lymphocyte killing. In sHLH, including macrophage acti- 
vation syndrome (MAS), it is not always certain whether defects in NK cell cytotox- 
icity are due solely to the immune status and dysregulated cytokine levels of patients 
with CSS, or related to genetic risk factor(s). 
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NK Cell Functional Responses 


NK cells have two primary roles in the immune response, production of cytokines 
and killing of cancer and virally infected cells (Fig. 1). There are many parallels 
between mouse and human NK cell differentiation, maintenance, and functional 
responses, and much of our knowledge of NK cell biology comes from seminal 
studies in the mouse system. However, there are some distinct differences in pheno- 
typic markers and receptors expressed by mouse and human cells, and here we 
focus primarily on human NK cells and their role in CSS, with some discussion of 
key biologic findings from the murine system. 


Production of Cytokines by NK Cells 


In response to cytokine and target cell stimulation, NK cells rapidly produce mul- 
tiple cytokines within hours, the most well characterized being IFN-y [1]. Other 
cytokines released by human NK cells include proinflammatory and regulatory 
cytokines and chemokines such as tumor necrosis factor alpha (TNF-«), interleukin 
(IL)-10, granulocyte-macrophage colony-stimulating factor (GM-CSF), chemokine 
C-C motif ligand 3 (CCL3), CCL4, and CCL5 [3—6]. Following cytokine stimula- 
tion by antigen presenting cells (APCs) including macrophages and dendritic cells, 
NK cells provide an early innate immune source of IFN-y and may also kill highly 
activated APCs (Fig. 1) [7—12]. Studies in the mouse demonstrate that NK cell- 
derived IFN-y is important for the host response to tumors and viruses [13, 14]. 


Cytokines 
NK cells 
IL-12, IL-18, e Produce early IFN-y for activation 
IL-1B 4 of antigen presenting cells 





e Activate the adaptive immune 
response (Th1 response) 

Kill target cells (infected cells, 
tumor cells, activated 


Pathogen 





v b 4 b macrophages and DCs) 
Kaw LAY e Regulate the immune response 
IFNy 


Fig. 1 NK cell and macrophage cytokine cross talk during a normal immune response. NK cells 
constitutively express multiple cytokine receptors and in response to infected and/or activated 
macrophages NK cells produce abundant IFN-y. Early NK cell production of IFN-y is important 
for activation of macrophages and elimination of intracellular organisms. Activated NK cells are 
capable of killing target cells, and NK cell IFN-y influences the differentiation of a Th1 adaptive 
immune response. In addition, there is evidence that NK cells recognize and kill highly activated 
macrophages and dendritic cells through recognition of stress ligands upregulated on these cells, 
thereby helping to limit the immune response 
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IFN-y is significantly elevated in the serum of patients with pHLH and sHLH 
(MAS) associated with systemic JIA (sJIA) and has been proposed to play a patho- 
genic role, leading to ongoing clinical trials of anti-IFN-y monoclonal antibody 
therapy for children with these disorders [ [15, 16] and ClinicalTrials.gov 
#NCTO01818492 and #NCT03311854]. Data from multiple animal models of pri- 
mary and secondary HLH supports pathogenicity of IFN-y, with neutralization or 
genetic deletion of IFN-y leading to amelioration of disease in several different 
models [17—21]. The source of IFN-y and relative contribution of NK cell versus T 
cell-derived IFN-y in HLH remains unclear. Uncontrolled cytokine cross talk 
between NK cells and macrophages, as in Fig. 1, has the potential to result in exces- 
sive and pathogenic cytokines, including IFN-y. While evidence points toward the 
importance of IFN-y in mediating CSS, this cytokine is unlikely to be the sole driver 
of disease, as evidenced by two patients with different genetic deficiencies in com- 
ponents of the IFN-y receptor who presented with CSS in the context of systemic 
mycobacterial and viral (EBV and CMV) infections [22]. It is worth noting that 
while these patients fulfilled criteria for HLH, hemophagocytosis was not identified 
and may be dependent on IFN-y receptor signaling in macrophages. 

Interestingly, NK cells constitutively express transcript for IFN-y and require 
activation by cytokines or through their receptors for translation and secretion of 
protein. The tight control of IFN-y protein production by NK cells (and T lympho- 
cytes) is regulated at multiple levels, including epigenetic modifications of the 
IFNG locus, upregulation of transcription after stimulation, posttranscriptional reg- 
ulation of mRNA, and metabolism-dependent production and release of IFN-y pro- 
tein [23, 24]. The importance of regulation of constitutive {fng transcript is 
highlighted by a murine model in which the 3’ untranslated region (UTR) of [fng is 
disrupted, leading to high systemic levels of protein and associated autoimmunity 
[25]. It is unknown whether alterations in the JFNG gene or the regulatory mecha- 
nisms controlling constitutive IFN-y transcript in NK cells production (1.e., post- 
transcriptional and metabolic) are associated with aberrant NK cell-derived IFN-y 
in HLH. 


NK Cell Receptors and Cytotoxicity 


NK cells utilize a fixed assortment of germ line-encoded activating and inhibitory 
receptors (NKRs) to interact with their environment [26]. While the receptors in 
mouse and human are structurally dissimilar, they serve the same purpose, an inter- 
esting example of divergent evolution within the immune system [1]. Inhibitory and 
activating killer immunoglobulin-like receptors (KIR) are unique to humans and 
recognize classical MHC class I molecules. Conserved C-type lectin receptors 
(NKG2A and NKG2C) partner with CD94 to recognize nonclassical HLA mole- 
cules, such as HLA-E, and signal for activation (CD94/NKG2C) or inhibition 
(CD94/NKG2A) of NK cell cytotoxicity. Other major activating receptors include 
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CD16, an Fe receptor which directs NK-mediated antibody-dependent cellular 
cytotoxicity (ADCC), and NKG2D receptor which recognizes stress-induced self- 
ligands, both of which are conserved between mice and humans. The natural cyto- 
toxicity receptor family (NCRs) in humans is comprised of NKp46, NKp44, and 
NKp30 which predominantly signal for NK cell activation in response to a diverse 
array of ligands, including some expressed by tumors [27]. Inhibitory KIR and 
NKG2A signal through immunoreceptor tyrosine-based inhibitor motifs (ITIMs), 
whereas activating receptors partner with adaptor molecules such as DAP12, TCR- 
C, or FceRI-y which express immunoreceptor tyrosine-based activating motifs 
(ITAMs), or DAP10 which signals through a YINM motif [26]. 

NK cell cytotoxicity requires the integration and overall balance of signals from 
inhibitory and activating receptors, as well as second signals from other adhesion 
molecules and receptors, resulting in a commitment to NK cell cytotoxicity. After 
identification of target cells, the process of NK cell killing is highly coordinated and 
requires the formation of an immunologic synapse between the NK cell and target 
cell, proper polarization of NK cell lytic granules containing perforin and gran- 
zymes to this synapse, and degranulation across the synapse toward the target cell 
[28]. Almost all genetic causes of pHLH cause impaired NK cell killing (Table 1 
and Section “NK Cell Defects in Primary HLH (pHLH)”), either by deficiency of 
perforin or in the ability to form an effective synapse with target cells and direction- 
ally target lytic granules. It is unknown whether there are any associations with 
NKR genotype and HLH, as seen in other diseases including susceptibility to can- 
cer, viral infection (Hepatitis C and HIV), and pregnancy complications [29-31]. 


Table 1 NK cell function in primary HLH (pHLH) 


NK NK 
Disease GENE/protein killing degranulation | Function 
FHLH1 Unknown — — — 
FHLH2 PRF'1/perforin Absent Normal Pore-forming 
FHLH3 UNC13D/Munc 13-4 Decreased | Absent Vesicle priming 
FHLH4 STX11/syntaxin-11 Decreased | Absent Vesicle fusion 
FHLH5 STXBP2/syntaxin Decreased | Absent Vesicle fusion 
binding protein 2 
XLP-1 SH2DIA/SH2 domain- | Decreased | Normal Signaling 
containing protein 1A 
XLP-2 BIRC4/X1AP Normal Normal Signaling 
Griscelli-2 RAB27A/Rab-27A Decreased | Absent Vesicle fusion 
Chediak—Higashi LYST/lysosomal- Absent Absent Vesicle 
trafficking regulator trafficking 
Hermansky—Pudlak AP3B1/adapter related Absent Absent Vesicle 
type 2 protein complex 3 beta 1 trafficking 
subunit 
NLRC4 NLRC4/NLRC4 Variable | Unknown Inflammasome 
inflammasomopathy 
FALH familial HLH 


References: [96—108] 
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NK cell destruction of healthy-self cells should be prevented by recognition of 
self-MHC Class I molecules by inhibitory receptors. However, expression of inhibi- 
tory NKRs is stochastic and not linked genetically to the MHC locus, and in both 
humans and mice NK cells lacking inhibitory receptors specific for self-MHC class 
Į are found. Such NK cells are actually hypofunctional, and do not require inhibition 
of their killing activity. The explanation for this phenomena comes from studies 
demonstrating a requirement for NK cell “education” via their inhibitory receptors, 
such that only those NK cells expressing inhibitory receptors recognizing self-MHC 
class I molecules acquire functional competence [32, 33]. Interestingly, NK cell 
education is not fixed, and can be altered by the environment, including cytokines 
and presence or absence of MHC Class I molecules. For example, during viral 
infection in mice, and following cytokine activation of human NK cells, “unli- 
censed” NK cells acquire the capacity for functional competence [34, 35]. Thus, it 
is possible with the high levels of proinflammatory cytokines in HLH normally 
tolerant NK cells, lacking appropriate self-MHC class I inhibitory receptors, might 
acquire functional competence and exhibit increased cytokine production and kill- 
ing in response to interactions with self-cells. There have not yet been any studies 
of human NK cell education and loss of tolerance in the context of HLH, and this 
will be an interesting area to investigate. 


NK Cell Subsets 


Human NK cells are traditionally phenotypically identified as peripheral blood lym- 
phocytes expressing CD56 and lacking other lineage markers including the T cell 
receptor CD3. With technological advances in protein and mRNA profiling, and 
investigation of NK cells from other tissues, we now recognize an array of human 
NK cell subsets with diverse phenotypes [4]. Indeed, NK cells are now classified as 
one member of a broader group of innate lymphoid cells (ILCs), the other members 
of which have distinct transcription factors and cytokine profiles, but lack inhibitory 
KIR and cytotoxic capacity. 


CD56"2"t and CD56“ Peripheral Blood NK Cells 


The first subset of human NK cells to be identified were CD56" and CD56" NK 
cells in the 1980s, based on cell-surface density of CD56 by flow cytometry. While 
the role of CD56 in NK cell biology is still largely unknown, approximately 5-15% 
of peripheral blood NK cells express high levels of this cell-surface receptor. 
CD56 NK cells mostly lack the activating Fc receptor CD16, have low expres- 
sion of cytotoxic granules, and express high amounts of inhibitory NKG2A with 
low expression of KIRs and activating receptors. CD56“™ NK cells are more abun- 
dant in the peripheral blood and have higher expression of CD16, KIRs, and cyto- 
toxic granules. These subsets have unique functional properties, with CD56" NK 
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cells producing abundant IFN-y and other cytokines in response to cytokine stimu- 
lation with generally poor cytotoxic capacity, whereas CD56"" NK cells have 
enhanced cytotoxicity and cytokine responses when triggered through their activat- 
ing NKRs [6, 7, 36]. While these subsets appear to fulfill distinct roles in the immune 
response, experimental evidence suggests that there is a developmental relationship 
with CD56°"2"* NK cells being precursors to more mature CD56"™ NK cells [37- 
39]. Relevant to HLH, in vitro stimulation of CD56°"®"* NK cells with the cytokines 
interleukin (IL)-2, 12, or 15 causes them to acquire phenotypic and functional prop- 
erties of CD56“ cells [37]. Decreased percentages of peripheral blood CD56" 
NK cells have been observed in patients with HLH and sJIA [40]. The functional 
significance of this finding is uncertain, as is whether this alteration is a conse- 
quence of excess cytokines or an inherent abnormality in NK cell differentiation. 


Tissue Resident NK Cells 


NK cells represent approximately 5-15% of peripheral blood lymphocytes, which 
are only a fraction of our total body NK cells. Tissue-resident NK cells (trNK), such 
as those found in lymph nodes, bone marrow, liver, spleen, gastrointestinal tract, 
and uterus exhibit distinct developmental origins, phenotypes, and functions [4, 41]. 
Phenotypically, trNK cells express variable amounts of CD56. For example, while 
in the peripheral blood CD56°"" cells are the minority, but they may actually repre- 
sent a majority of NK cells in our body and are the predominant NK cell type in 
lymph nodes, the gastrointestinal tract, liver, uterus, visceral adipose tissue, and 
inflamed tissues. trNK cells appear to have unique roles in different tissues, and 
have phenotypic and functional differences when compared to peripheral blood 
CD56 subsets, that is, ability to produce cytokines and kill target cells [4]. The role 
and function of trNKs in HLH is unexplored. Given the diversity in the functional 
and phenotypic properties of trNK cells and peripheral blood NK cells, it seems 
relevant to examine the function of NK cells, particularly in affected tissues, such as 
the bone marrow and liver, to examine mechanisms by which trNK cells might 
modulate disease. 


Adaptive NK Cells 


NK cells with adaptive properties were first recognized in the murine system with 
experiments demonstrating that NK cells can mediate hapten-specific contact 
hypersensitivity [42]. There are three major differentiation pathways of NK cell 
memory responses identified to date, including antigen-specific liver NK cell 
responses in the mouse, and cytomegalovirus (CMV)-adapted NK cell memory and 
cytokine-induced NK cell memory-like responses in mice and humans [42—44]. In 
all of these models, following an initial activation event, NK cells display long-lived 
enhanced effector functions not dependent on continual stimulation. 
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A history of infection with CMV, a common trigger of CSS, is associated with an 
increased percentage of peripheral blood NK cells expressing high levels of the 
activating CD94/NKG2C [45, 46]. NKG2C™:" NK cells with a mature phenotype 
(CD56""CD57*NKG2A~) and loss of intracellular FceRy expand during acute 
CMV and reactivation of latent CMV, and have been referred to as “adaptive” or 
“memory-like” [47-51]. Acute infection with other viruses has also been associated 
with an increased percentage of NKG2C"™2" NK cells, but only in those individuals 
with a history of CMV infection [52]. CMV-adapted NK cells have enhanced pro- 
liferation and production of IFN-y in response to antibody stimulation through 
CD16 [46, 50]. Epigenetic remodeling has been demonstrated in CMV-adapted NK 
cells, suggesting a molecular basis for their differentiation and function [50, 51, 53]. 

Cytokine induction of memory-like NK cells describes the phenomena by which 
a single exposure to cytokines, in particular IL-12 and IL-18, leads to the differen- 
tiation of NK cells in mouse and human with long-term enhanced capacity for IFN- 
y production and antitumor properties [43, 54-56]. Human memory-like NK cells 
upregulate CD25 (IL-2Ra) expression (resulting in expression of the heterotrimeric 
high affinity [L-2RoaPy) and respond with enhanced proliferation, IFN-y, and cyto- 
toxicity to low-doses of IL-2 [57]. Cytokine-induced memory-like NK cells have 
antitumor responses in a mouse model, and were recently reported as adoptive 
immunotherapy in patients with acute myeloid leukemia [55, 58]. It remains to be 
identified how cytokine-induced memory-like NK cells develop during a physio- 
logic response in vivo, for example, in the context of infection or CSS. 

NK cell memory in the context of HLH has not been investigated, and it is 
unknown whether there are changes in NKG2C™2" CMV-adaptive NK cells in this 
disorder. It is interesting to speculate that the cytokine environment of HLH might 
induce the differentiation of cytokine-induced memory-like NK cells, which may or 
may not be beneficial to the host given their high capacity for IFN-y production, a 
pathogenic cytokine in HLH. 


NK Cells in Human Disease 


While the focus here is on the role of NK cells in CSS, some of the most well- 
defined roles for NK cells in human health is their protective role against infections 
and cancer. Perhaps the best examples of the importance of NK cells in human 
health are genetically defined primary immunodeficiencies in which patients lack 
NK cells or have significantly impaired NK cell function, either in isolation or as 
part of a larger syndrome. Patients with NK cell deficiencies (NKDs) uniformly 
have difficulties with herpesviruses, in particular CMV, stressing the importance of 
NK cells in our immune response to this class of viruses [59]. The nonredundant 
role of NK cells in host defense against viruses has been definitively confirmed in 
mice where depletion of NK cells renders mice very susceptible to viral infections, 
including MCMV [60]. There is also evidence supporting NK cell KIR/HLA haplo- 
types associated with risk or severity of infection with human immunodeficiency 
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virus (HIV) and hepatitis C, providing further support for an antiviral role of human 
NK cells [31, 61]. 

While numerous studies in the mouse have demonstrated NK cell antitumor 
responses, the important role of human NK cells for tumor immunosurveillance is 
illustrated by an increased risk of cancer in patients with low NK cell function [29, 
62]. NK cells are targets for cancer immunotherapy, including mismatch of NK 
inhibitory receptor and MHC ligand interactions in the context of hematopoietic 
cell transplantation (HCT) for acute myeloid leukemia (AML), NK cell adoptive 
immunotherapy (autologous and allogenic), and administration of antibodies, cyto- 
kines, or drugs aimed at enhancing NK cell function [63—65]. 

There is also correlative evidence for NK cells in other states of human health, 
including autoimmunity and pregnancy health [66, 67]. Human studies in rheuma- 
toid arthritis (RA), multiple sclerosis (MS), and systemic lupus erythematosus 
(SLE) provide provocative but incomplete evidence for contributions of NK cells in 
the onset or progression of autoimmunity (reviewed in [67] and [68]). 


NK Cell Defects in Primary HLH (pHLH) 


Intrinsic disorders of NK cell cytotoxicity seen in pHLH may contribute to the 
pathogenesis of HLH through the inability to kill virally infected cells and/or hyper- 
stimulated immune cells. Defects in cell-mediated cytotoxicity found in pHLH and 
SHLH result in impaired NK cell killing of target cells, a test used clinically to aid 
in the diagnosis of patients with HLH. 

The genetic mutations that underlie most forms of pHLH lead to impaired NK 
and CD8 T lymphocyte cytotoxicity (NK defects summarized in Table 1) due to 
disrupted perforin expression or defective cytotoxic granule movement, docking, or 
fusion with the plasma membrane. The mechanisms and genetics of pHLH are 
described in detail elsewhere in this text, and the relevant NK cell abnormalities are 
summarized here and in Table 1. Perforin (PRF1, FHL2) is hydrophobic protein 
contained in the cytotoxic granules of NK and CD8 T cells. It polymerizes into a 
pore-forming structure in the plasma membrane or endosomal membrane of target 
cells and facilitates the entry of cytotoxic effector molecules. MUNC13-4 (UNC13D, 
FHL3) is involved in the vesicle-priming that follows granule docking but precedes 
fusion of the granule membrane with the plasma membrane. Syntaxin 11 (STX//, 
FHL4) is a SNARE protein (N-ethylmaleimide-sensitive factor attachment protein 
receptor) and with its binding partner syntaxin binding protein 2 (STXBP2, FHLS) 
facilitates fusion of the granule with the plasma membrane. In addition, there are 
several additional proteins (including SH2DIA, RAB27A, LYST, and AP3B1; 
Table 1) associated with immunodeficiencies that result in defective granule biogen- 
esis or movement. Interestingly, heterozygous mutations in several of these HLH- 
associated genes have been shown to be sufficient to disrupt cytotoxic granule 
movement/degranulation and cause HLH [69, 70]. 
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Biallelic (or hemizygous) deleterious mutations in the genes encoding these 8 
proteins result in defective cell-mediated cytotoxicity. A gradation in severity of 
mutations in these proteins (assessed by age of HLH onset) was observed with per- 
forin (early onset) > Rab-27a > syntaxin-11 (later onset) [71, 72]. pHLH typically 
presents in the first several years life; however adult-onset HLH has been associated 
with hypomorphic mutations (missense mutations or splicing variations) with later 
onset and a more indolent course [73]. 

Beyond measurement of NK cell cytotoxic capacity during acute HLH, there is 
little known about the functional role of NK cells in human pHLH. However, find- 
ings in STXBP2-deficient patients directly implicate defective NK cell cytolysis in 
HLH pathogenesis [74]. There is substantially higher expression of STXBP2 in 
human NK cells than CD8 T cells, and defects in degranulation have been observed 
in NK cells but not in CD8 T cells from STXBP2-deficient patients [74]. An immu- 
noregulatory role for NK cells in HLH is also supported by a murine model of 
LMCV-induced HLH where cytotoxic NK cells were sufficient to protect mice from 
HLH immunopathology (discussed in more detail below in Section “Dysregulation 
of NK Cells During sHLH”; [75]). 


NK Cell Defects in Secondary HLH 


Secondary HLH (sHLH) is typically associated with infection, underlying rheuma- 
tologic disease, and/or malignancy. While defective NK cell killing is a clinical 
diagnostic criterion commonly used for defining sHLH in patients, it remains 
unclear whether NK cell dysfunction is critical to the pathogenesis of sHLH versus 
the result of the inflammatory environment in CSS in these patients. However, het- 
erozygous mutations in HLH-associated genes have been reported to contribute to 
sHLH. 


NK Cell Function in Systemic JIA 


The rheumatic disease most commonly associated with sHLH is systemic juvenile 
idiopathic arthritis (sJIA). Low numbers of peripheral blood NK cells and decreased 
cytotoxicity have been identified in patients with sJIA [40, 76-78]. Furthermore, a 
subset of sJIA patients had nearly a complete absence of circulating CD56" NK 
cells [40, 79], a NK cell subset that accumulates in the synovial fluid of inflamed 
joints in adult rheumatoid arthritis (RA) patients [80, 81]. The impaired NK cell 
functional responses in sJIA patients have been linked to defective IL-18RB phos- 
phorylation [79], low levels of perforin [40, 77, 78], and heterozygous pHLH muta- 
tions in components of the cytolytic pathway [82-84]. 

Heterozygous genetic variants in pHLH-associated genes in sJIA patients is 
intriguing and suggests that subtler defects in cytotoxicity may contribute to 
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susceptibility to sJIA. Several sJIA patients with and without a history of sHLH 
have been identified with MUNC13-4 mutations including an 8 year old female 
with sJIA without sHLH who had compound heterozygous mutations [83] and 2 
sJIA patients with biallelic MUNC13-4 mutations in a study of 18 sJIA patients 
who had previously had sHLH [84]. A larger European study of 56 sJIA patients (of 
which 15 had a history of sHLH) performed targeted sequencing of PRF/ and found 
heterozygous mutations in perforin in 11 of the patients (20%) [82]. More recently 
a whole-exome sequencing study of 14 sJIA patients with a history of sHLH and 
their parents found that 5 of the patients (36%) had heterozygous mutations in 
known pHLH genes (of which one had heterozygous mutations in 2 different pHLH 
genes) [85]. In addition, this study found 3 novel recessive pairs of genes for which 
the parents were heterozygous and 20 heterozygous rare variants that occurred in at 
least 2 patients. Most of these variants were involved in intracellular vesicle trans- 
port, actin stabilization, or microtubule organization [85]. Two studies reported a 
high percentage of sJIA and other patients with heterozygous mutations identified 
by targeted sequencing of PRF/], UNC 13d, STX11, STXBP2, and RAB27a. The first 
found that 13 out of 17 pediatric patients with a history of sHLH (76%) had a het- 
erozygous mutation in at least one HLH-associated gene [86]. The second study 
found monoallelic mutations in 11 of 31 sJIA patients with a history of sHLH (36%) 
with 3 of the patients having heterozygous mutations in 2 genes [87]. Collectively, 
these studies suggest that sJIA patients are enriched for heterozygous mutations in 
pHLH-associated genes and that these mutations may potentially be contributing to 
presentation of sJIA as well as to the high incidence of sHLH seen in sJIA patients. 


Dysregulation of NK Cells During sHLH 


There are several lines of evidence suggesting that human NK cell dysfunction 
might contribute to the pathogenesis of sHLH. First, NK cells can down-modulate 
the inflammatory response by killing highly activated autologous macrophages, 
dendritic cells, and T cells [9-12]. For example, coculture of human NK cells with 
LPS-activated, but not naive, macrophages leads to NK cell killing of these highly 
activated macrophages [9]. NK cell killing of activated macrophages was dependent 
on the activating NKG2D receptor, and macrophages upregulated NKG2D ligands. 
In murine models of lymphocytic choriomeningitis (LCMV) infection, NK cells 
indirectly limit cytotoxic CD8 T cell responses, including IFN-y production and 
proliferation, by perforin-dependent killing of activated CD4 T cells [11, 12]. 
Together, these findings suggest that NK cells have the capacity to limit immunopa- 
thology associated with dysregulated immune cell activation, and the hypothesis 
that a failure of NK cells to limit immunopathology might be associated with 
SHLH. Second, high levels of IL-6, as seen in sJIA and CSS, inhibit NK cell func- 
tion. Evidence for this comes from a study evaluating NK cell function in mice 
overexpressing IL-6 and in human NK cells cultured with IL-6. In both cases, NK 
cells exhibited decreased cytotoxic proteins with normal degranulation but impaired 
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killing of target cells [88]. This suggests that increased levels of IL-6 in CSS might 
impair NK cell function, resulting in diminished capacity of NK cells to limit immu- 
nopathology. Finally, many cases of infection-associated MAS/sHLH are associ- 
ated with herpesviral infections [89]. As discussed earlier, NK cells are particularly 
important for control of herpesviral infections, especially CMV and EBV. In a 
mouse model of murine CMV infection, depletion of NK cells led not only to 
increased susceptibility to infection, but also caused exaggerated T cell responses 
and IFN-y production [90]. 

These studies all suggest that intact NK cell function may limit immunopathol- 
ogy in HLH, although more definitive studies in patients are lacking. Murine mod- 
els of HLH have demonstrated that NK cells are not sufficient to cause disease. In a 
murine model of TLR9-triggered MAS, NK cells were dispensable for disease, 
although mice lacking T, B, and NK cells had less disease [20]. A perforin-deficient 
murine model of viral-driven (LCMV) HLH demonstrated that CD8 T cells, but not 
NK cells, are required for development of disease [17]. However, while NK cells are 
not sufficient to drive disease, they may still play an important regulatory role. A 
bone marrow chimera model, in which either cytotoxic T cells or NK cells lacked 
perforin, demonstrated that functionally competent wild-type NK cells can control 
LCMV-induced HLH immunopathology observed with perforin-deficient CD8 T 
cells [75]. In this model, cytotoxic NK cells controlled macrophage and cytotoxic T 
cell activation, but not viral burden, suggesting a protective regulatory role for NK 
cell cytotoxic function in this context. 


NK Cell Function as Diagnostic Criteria for HLH 


Low or absent NK cytotoxicity is one of eight diagnostic criteria in the 2004 
International HLH Study Diagnostic Guidelines [91] that function as the standard in 
diagnosing both pHLH and sHLH. However, NK cytotoxicity testing is a functional 
assay that is not readily available at most centers. Ravelli and colleagues [92] 
recently proposed an abbreviated criteria to identify sHLH (MAS) in sJIA patients 
that did not include NK cytotoxicity. However, the utility of evaluating NK cytotox- 
icity may take on greater significance in the diagnosis of SHLH as more sJIA patients 
are treated with tocilizumab (anti-I[L-6 receptor monoclonal antibody) which sup- 
presses fever and ferritin levels [93], two of the primary criteria in the recently 
proposed sHLH classification scheme. However, NK killing assays do not discrimi- 
nate between pHLH and sHLH, and several groups have advocated for the use of 
CD107a degranulation assays as an adjunct or alternative indirect assessment of NK 
cell cytotoxic capacity [94, 95]. 

Bryceson and colleagues studied 494 patients referred to three centers for evalu- 
ation of suspected HLH and demonstrated that CD107a degranulation studies had a 
high sensitivity and specificity for the 209 patients with a biallelic genetic diagnosis 
of HLH [94]. For example, 97% percent of the patients with FHLH3-5 (Table 1) had 
abnormal NK cell degranulation. However, 23% of the 266 patients with 
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infection-associated or incomplete HLH had borderline degranulation while 15% 
had low degranulation, including two patients with heterozygous UNCI3D muta- 
tions. Interestingly, the specificity was higher in those patients presenting with HLH 
before the age of 2 (97% compared to 81%). Thus, this study demonstrated that 
degranulation assays have the potential to rapidly and reliably identify patients with 
biallelic pHLH mutations, although their utility in sHLH is not as clear. 

A subsequent study by Rubin and colleagues directly compared sensitivity and 
specificity of NK cytotoxicity, CD107a degranulation, and perforin expression in 
1614 patients referred to a single center for targeted HLH genetic testing of seven 
genes (FHLH2-5, RAB27A, Lyst, and AP3B1) who also had at least 1 of the follow- 
ing tests performed: perforin protein expression, NK cell cytotoxicity, and/or 
CD107a degranulation [95]. They demonstrated that the combination of perforin 
and CD107a degranulation was more sensitive and no less specific than NK cyto- 
toxicity testing in screening for pHLH in patients with biallelic mutations in one of 
the 7 tested HLH genes. Interestingly, 57% of the 635 patients with suspected HLH 
without biallelic mutations in this panel of 7 HLH genes had low NK cell cytotoxic- 
ity. Specifically, 20 of 38 (53%) patients with monoallelic likely disease-causing 
mutations, 48 of 75 (64%) of patients with variants of unknown clinical significance 
(VUCS), and 296 of 522 (57%) of patients without mutations in these 7 HLH genes 
had low cytotoxicity. In contrast, degranulation studies were low in almost all 
patients (30 of 32, 94%) with biallelic mutations in one of the tested HLH genes, 
and normal in the majority of patients (197 of 326, 60%) without identified biallelic 
defects. Abnormal degranulation was observed in patients with monoallelic muta- 
tions (3 of 11, 27%), VUCS (8 of 16, 50%), and no potentially deleterious variants 
(118 of 299, 39.5%) in the 7 tested HLH genes. 

Thus, the approach of combining perforin and degranulation studies may have 
utility in rapidly identifying patients with biallelic mutations in pHLH genes and 
facilitating rapid treatment decisions. However, it may not be as useful in evaluating 
sHLH, even in patients with monoallelic mutations in pHLH genes thought to be 
associated with disease. In addition, this testing may not identify sHLH patients 
with genetic defects in currently unknown genes that compromise NK cytotoxicity 
but not degranulation, as demonstrated by higher percentage of abnormal cytotoxic- 
ity compared to abnormal degranulation in HLH patients without identified pHLH 
mutations. 


Conclusion 


The past four decades have seen tremendous advances in our understanding of NK 
cell biology and the cellular and molecular mechanisms responsible for their devel- 
opment and function. Genetic deficiencies in cytotoxic function are associated with 
pHLH, and clinical assays of NK cell killing are helpful for the diagnosis of these 
disorders. While defects in cytotoxic T cells have been the focus of much investiga- 
tion of the pathogenesis of HLH, there is now increasing appreciation that 
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dysregulation of NK cell cytotoxicity and failure to limit the immune response may 
contribute to disease. Further investigation of the functional, phenotypic, and 
molecular changes in peripheral blood and tissue resident NK cells has the potential 
to yield important insight into the pathogenesis and treatment of HLH. 
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Introduction 


The innate immune system is composed of a diverse collection of cell types that 
protect the host from infectious challenges and tissue damage, and ultimately pre- 
serve host fitness by returning the system to homeostasis. Neutrophils, monocytes, 
macrophages, and dendritic cells patrol the blood and/or populate broad host tissues 
making them positioned to respond to infectious challenges and alterations in 
homeostasis. Each of these innate immune cell types expresses an ensemble of 
receptors that are stimulated by endogenous and environmental triggers released by 
tissue damage or infection. Upon activation, innate immune cells assume a wide 
variety of distinct functional states that converts them from dormant sentinels into 
effector cells that generate inflammation or exert immunoregulatory functions. How 
these myeloid cells and their effector responses lead to dysregulated and hyperin- 
flammatory immune responses is of importance to understanding the diverse mech- 
anisms that contribute to cytokine storm pathogenesis. 

A diversity of inciting triggers activates a systemic inflammatory response lead- 
ing to widespread immunopathology in CSSs. The characteristic immune-mediated 
collateral damage that occurs in CSSs results in widespread endothelial cell activa- 
tion and damage, tissue ischemia, cell injury, consumptive coagulopathy, and mul- 
tisystem organ failure. Distinct myeloid-specific functions initiate and propagate 
this maladaptive systemic host response in CSSs. Activated myeloid cells produce 
pro- and anti-inflammatory cytokines, exert anti-pathogen responses, and activate 
surrounding immune and non-immune cells to amplify ongoing inflammatory 
responses in CSSs. As potent antigen-presenting cells, myeloid cells initiate antigen- 
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specific adaptive immune responses leading to further amplification of pathogenic 
immune responses in certain CSSs. In contrast, recent evidence suggests that 
myeloid cells have immunoregulatory and tissue-healing roles in CSSs. These 
diverse effector responses of myeloid cells position them to be key contributors to 
all phases of cytokine storm physiology from initiation to resolution of the systemic 
inflammatory response. 

Despite the growing circumstantial evidence that myeloid cells contribute to 
CSS pathogenesis, there is no direct evidence of their role in CSS pathogenesis in 
human systems, and only limited evidence of their role in murine models. Therefore, 
this chapter contextualizes how multiple effector functions of myeloid cells have the 
potential to contribute to host inflammatory responses in CSSs. Although inherently 
speculative in nature, this chapter outlines how these diverse functions of myeloid 
cells make them rational targets for the design of novel therapeutics for the treat- 
ment of CSSs. 


Pattern Recognition Receptors Initiate Cytokine Storm 
Physiology 


Myeloid cells respond to inflammatory triggers through their expression of a 
restricted number of germ-line encoded pattern recognition receptors (PRRs) that 
sense a diverse range of endogenous and exogenous activating signals. PRR expres- 
sion allows myeloid cells to be “first responders” to the diverse inflammatory trig- 
gers known to initiate CSSs following trauma, burns, surgery, infection, or the 
development of a rheumatic disease. Chronic or exaggerated activation of myeloid 
cells through their PRRs initiates a dysregulated and hyperinflammatory response 
that is detrimental to the host. Myeloid cells are at the forefront of systemic inflam- 
matory responses because of their widespread tissue distribution and their ability to 
recognize and respond to the diverse triggers of CSSs. 

Toll-like receptors (TLRs) are the best-characterized PRRs and have been shown 
to play important roles in initiating immune responses to diverse inflammatory trig- 
gers [1]. As membrane-bound receptors, TLRs are expressed at the cell surface or in 
the endolysosomal compartment of immune cells where they are activated by 
endogenous or exogenous “danger” signals [1]. Clinical data supports the role of 
TLRs in driving cytokine storm immunopathology in macrophage activation syn- 
drome (MAS), a type of CSS seen in patients with underlying rheumatologic dis- 
eases. Patients with systemic juvenile idiopathic arthritis (SJIA), the rheumatic 
disease with the greatest predisposition to the development of MAS, have an inter- 
leukin (IL)-1 and TLR gene expression signature in their peripheral blood mono- 
nuclear cells [2]. Furthermore, SJIA patients with polymorphisms in IRF5, a 
signaling molecule downstream of TLR activation, have a fourfold higher risk of 
MAS [3]. The IRF5 haplotype associated with this higher risk of MAS in SJIA 
patients creates a donor splice site in an alternate exon 1 of IRF5 allowing expres- 
sion of higher levels of IRF5 and the production of several unique IRF5 isoforms 
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[4]. These clinical data implicate signaling pathways downstream of TLRs as 
important contributors to MAS pathogenesis. 

The NOD-like receptor (NLR) family of PRRs is also implicated in the develop- 
ment of CSSs. NLRs are cytosolic proteins that can initiate immune responses to 
cellular stress or invading microorganisms [5]. Stimulation of NLRs leads to inflam- 
masome activation and the generation of the pro-inflammatory cytokines IL-1 and 
IL-18 in addition to pyroptotic cell death, a form of cell death contributing to pro- 
inflammatory immune responses [5]. Mutations in the NLR family member NLRC4 
leads to the spontaneous development of an autoinflammatory syndrome in humans 
predisposing to MAS immunopathology, termed NLURC4-MAS [6, 7]. Patients with 
mutations in NLRC4 spontaneously develop early-onset enterocolitis, erythro- 
derma, elevated acute phase reactants, and features of MAS including cytopenias, 
splenomegaly, hemophagocytosis, and hyperferritinemia [6, 7]. These disease fea- 
tures of NLRC4-MAS are thought to occur because of the spontaneous cleavage of 
caspase-1, heightened production of IL-18 and IL-18, and increased cell death in 
macrophages harboring NLRC4-activating mutations [6, 7]. This leads to an exces- 
sive accumulation of pathogenic IL-18 and IL-18, as combined blockade of both 
IL1B and IL-18 was sufficient to ameliorate severe disease in a critically ill infant 
with NLRC4-MAS [8]. IL-18 may contribute to cytokine storm pathogenesis in 
NLRC4-MAS by inducing the production of interferon (IFN)y, as high levels of 
serum IL-18 correlated with an IFNy-associated gene expression network in whole 
blood transcriptional analysis from a patient with NLRC4-MAS [8], and use of an 
IFNy-neutralizing antibody was effective in the treatment of another patient with 
NLRC4-MAS [9]. The link between IL-18 and IFNy production is of particular 
interest, as other cytokine storm syndromes are also characterized by high levels of 
IFNy [10, 11], which will be discussed in detail later in this chapter. These clinical 
data link spontaneous activation of NLRC4 to overproduction of IL1B, IL-18, and 
IFNy, which in turn drive cytokine storm immunopathology. 

Epidemiologic observations suggest that additional factors influence the devel- 
opment of MAS. For example, patients with SJIA develop common manifestations 
of autoinflammation including daily fevers, rash, and arthritis. However, only a sub- 
set of SJIA patients develop MAS with an incidence of 10-30% [12, 13], which 
suggests the inflammatory milieu created by SJIA is not sufficient to drive MAS 
immunopathology in all patients. Similarly, identical NLURC4-activating mutations 
cause a spectrum of disease ranging from life-threatening to self-limited inflamma- 
tory disease in infancy [7]. As early-onset enterocolitis is a hallmark of NLRC4- 
MAS, it is tempting to speculate that the gut microbiota of the host plays a role in 
driving cytokine storm immunopathology in these patients. Future efforts will be 
needed to determine if this is the case and whether environmental factors play a role 
in other CSSs. 

These clinical data suggest that PRRs contribute to the immunopathogenesis of 
MAS. As myeloid cells are the main cells that express PRRs, their effector functions 
downstream of PRR activation are prime suspects in driving systemic inflammation 
and immunopathology in CSSs. The following section describes how myeloid cell 
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responses to PRR activation contribute to the cytokine milieu that drives cytokine 
storm immunopathology. 


Myeloid Cells and the Pathogenic Cytokine Milieu in CSSs 


As immune sentinels, activated myeloid cells mediate pathogen uptake and killing, 
secrete effector molecules that have local and systemic effects, and activate adaptive 
immune responses through their antigen presentation capabilities. These functions 
make myeloid cells important initiators and amplifiers of immune responses that are 
detrimental to host survival in CSSs. This section highlights how myeloid cell effec- 
tor functions direct the production of pathogenic cytokines contributing to cytokine 
storm immunopathology in MAS and primary hemophagocytic lymphohistiocyto- 
sis (HLH). 


Macrophage Activation Syndrome 


Soluble mediators produced during immune responses are capable of producing 
diverse and widespread changes to the homeostatic landscape of the host. In patients 
with SJIA who are predisposed to the development of MAS, aberrant production of 
pro-inflammatory cytokines can be detected through serum cytokine analysis. 
Shimizu et al. detected two dominant patterns of elevated pro-inflammatory cyto- 
kines in patients with SJIA based on elevated levels of IL-6 and IL-18 [14], both of 
which are known to be produced by myeloid cells. Intriguingly, patients with high 
levels of IL-6 are more prone to the development of arthritis, while patients with 
high levels of IL-18 are more susceptible to MAS [14]. IL-18 is also a marker of 
disease severity in MAS, as it correlates with hyperferritinemia, elevated transami- 
nases, and is associated with clinical features of MAS flare [15]. Additional markers 
of SJIA-MAS include other myeloid cell-derived products including neopterin and 
soluble TNFRI/II [15], while MAS associated with systemic lupus erythematosus is 
marked by elevations in TNF [16], another cytokine derived from activated myeloid 
cells. In contrast, IFNy is a lymphocyte-derived cytokine and has been linked to the 
pathogenesis of MAS, as SJIA patients with MAS have an IFNy signature that cor- 
relates with MAS disease activity and severity [10]. Pathogenic IFNy may also be 
indirectly dependent on the functions of myeloid cells as they are the main produc- 
ers of IL-12 and IL-18, which stimulate lymphocyte-derived IFNy [17]. Therefore, 
myeloid cells not only directly contribute to the production of pathogenic cytokines 
in MAS, but also control the production of bystander lymphocytes to produce 
pathogenic IFNy. These data suggest that heightened myeloid cell activation is cen- 
tral to MAS immunopathology, as cytokines produced directly or indirectly down- 
stream of myeloid cell activation correlate with MAS disease severity. 
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Myeloid cells are directly implicated in mediating cytokine storm immunopa- 
thology in murine models of MAS. In the first described model of MAS, repeated 
activation of TLR9 drives IFNy-dependent cytopenias, hepatosplenomegaly, hepa- 
titis, dysregulated thermoregulation, hyperferritinemia, hypercytokinemia, and 
hemophagocytosis [18]. This model is particularly relevant to MAS in SJIA patients 
given the clinical evidence linking IFNy to MAS disease activity and severity [10]. 
Although it remains unclear how IFNy mediates end-organ damage in mice or 
humans with MAS, the pathways leading to the induction of IFNy are beginning to 
be elucidated. In the TLR9-mediated model of MAS, elevated levels of IFNy are 
dependent on IL-12 production [19], which links myeloid cells to disease pathogen- 
esis, as inflammatory monocytes are the main producers of IL-12 in this model [20]. 
The heightened levels of IL-12 in TLR9-mediated MAS correlate with the accumu- 
lation of inflammatory monocytes and enhanced extramedullary myelopoiesis [20]. 
Therefore, chronic TLR9 activation is thought to generate a feed-forward inflamma- 
tory loop, whereby the induction of inflammatory myelopoiesis accelerates the pro- 
duction of new inflammatory monocytes that are necessary to amplify and perpetuate 
pathogenic cytokine production. As the JAK inhibitor ruxolitinib is able to inhibit 
immunopathology in this model of TLR9-mediated MAS [21], it is intriguing to 
speculate that JAK-activating, myeloid-specific growth factors are critical for this 
feed-forward inflammatory loop in MAS. These data also suggest that JAK inhibi- 
tion may be effective in the prevention and/or treatment of MAS. Definitive insight 
into this possibility may come from a clinical trial testing the efficacy of the JAK 
inhibitor tofacitinib in SJIA patients (clinicaltrials.gov; NCT0O3000439) (Table 1). 

A second murine model of MAS also implicates a TLR-driven pathway in the 
induction of cytokine storm and adds additional evidence for myeloid cell involve- 
ment in the pathogenesis of MAS. Strippoli et al. demonstrate that a single dose of 
lipopolysaccharide or Poly I:C, TLR4 and TLR3 agonists, respectively, leads to 
decreased survival in transgenic mice that overexpress the cytokine IL-6 [22]. 
Macrophages from IL-6-transgenic mice and human monocytes treated with exog- 
enous IL-6 have heightened capacity to produce pro-inflammatory cytokines [22]. 
This suggests that high levels of IL-6, which accumulate in SJIA patients [16], may 
be linked to enhanced myeloid cell-derived cytokine production and MAS immuno- 
pathology. However, SJIA patients treated with tocilizumab developed MAS despite 
marked improvements in their SJIA-related symptoms [23]. These data indicate that 
IL-6 blockade is not sufficient to prevent the development of MAS in all SJIA 
patients, at least at the doses of tocilizumab employed (Table 2). 

A third model of MAS demonstrates that a single dose of complete Freund’s 
adjuvant (CFA) is sufficient to induce MAS in mice [24]. CFA is a solution of 
mycobacterial antigen emulsified in oil that creates a chronic depot of multiple TLR 
and PRR agonists when injected subcutaneously into mice leading to chronic acti- 
vation of PRRs on myeloid cells. Intriguingly, Avau et al. demonstrate that CFA- 
treated IFNy~~ mice develop more severe MAS-like disease and arthritis than their 
wild-type counterparts [24]. This IFNy-independent model of MAS is dependent on 
innate and adaptive lymphoid cell-derived IL-17, a cytokine not previously impli- 
cated in the pathogenesis of cytokine storm [24]. These data suggest that chronic 
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Table 1 Murine models of HLH/MAS implicating myeloid cells in disease pathogenesis 


Cytokine Pathogenic | Immunomodulatory | Role(s) of myeloid 
Mouse storm trigger | cytokines | cytokines cells in disease References 
MAS 
Wild-type | CpG1826 IL-12, IL-10 TLR9-induced [18—20, 
C57BL/6 (TLR9Y IFNy production of 36] 
mice agonist) pathogenic IL-12; 
hemophagocyte 
production of 
immunomodulatory 
IL-10 
IL-6 LPS (TLR4 | IL-6, IFNy | Unknown Mediate responses | [22, 42] 
transgenic | agonist) or to LPS through 
mice Poly I:C expression of PRRs 
(TLR3 
agonist) 
Wild-type | CFA (TLR2, | IL-17, Unknown Mediate responses | [24] 
and TLR4, and | IL-12/ to CFA through 
IFNy- TLR9 IL-23 expression of PRRs 
deficient agonists) 
Balb/c mice 
HLH 
Perforin- LCMV IFNy, IL-10 Enhanced antigen [28, 31, 
deficient IL-33 presentation and T |36, 43] 
mice cell activation; 
hemophagocyte 
production of 
immunomodulatory 
IL-10 
Perforin- Spontaneous | IFNy Unknown Induction of CD8 T | [32] 
deficient, cell-dependent IFNy 
DC-specific production 
Fas- 
deficient 
mice 


TLR activation drives IL-17-mediated MAS in the absence of IFNy. These findings 
may be relevant to MAS patients that are refractory to IFNy neutralizing antibody 
therapy, which is being tested for efficacy in the treatment of CSSs (clinicaltrials. 
gov; NCT01818492). These findings may also be relevant in rare cases of HLH that 
develop in patients lacking the IFNy receptor [25], which indicates IFNy-dependent 
signaling is not required for the development of cytokine storm in humans. 
Therefore, both MAS patients refractory to IFNy neutralization and IFNyR-deficient 
patients that develop HLH may benefit from IL-17 blocking therapies. IFNy- 
independent cytokine storm is also described in mice treated with repeated TLR9 
activation in combination with IL-10 receptor blockade [18]. These murine models 
of disease demonstrate that TLR-dependent pathways generate pathogenic cytokine 
storm-mediated immunopathology in the absence of IFNy. 
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Table 2 Putative myeloid effector functions that influence cytokine storm pathogenesis 


Evidence in 
HLH/MAS References 


Drivers of HLH/MAS 

Myeloid cell functions 

Activation of pattern recognition receptors results in pro- MAS [20 22, 
inflammatory cytokine production to drive MAS-like physiology 24] 

in mice 

Release of IL-12 and IL-18 augments IFNy production by MAS [8, 17, 20] 
lymphocytes 

Prolonged immunologic synapse time augments CD8 T cell HLH [28-30] 
effector functions 

Modulators of HLH/MAS 

Myeloid cell functions 

Production of immunomodulatory IL-10 MAS and HLH | [18, 36] 
Patrolling monocytes remove cell debris after TLR-induced No [39] 


damage to endothelial cells 
Patrolling monocytes spontaneously produce IL-1RA No [40] 


Collectively, these data link chronic TLR signals to the hyper-responsiveness of 
myeloid cells as a pathogenic mechanism driving MAS in mice and humans. 
Myeloid cells are capable of responding to the initial TLR signals to amplify the 
production of pathogenic cytokines to mediate MAS immunopathology. The next 
section will highlight how myeloid cells function as potent antigen-presenting cells 
to generate a feed-forward inflammatory response in primary hemophagocytic lym- 
phohistiocytosis (HLH). 


Antigen Presentation by Myeloid Cells Contributes to Immune 
Dysregulation in Primary HLH 


Myeloid cells initiate adaptive immune responses through their ability to present 
antigens when they are encountered in the context of a “danger” signal. PRR activa- 
tion of myeloid cells upregulates the ability of these cells to engulf, process, and 
present endogenous and exogenous antigens on major histocompatibility complex 
(MHC) I and I, respectively. These peptide-MHC complexes are transported to the 
cell surface where they are recognized by their cognate T cell receptor (TCR). 
Myeloid cells direct the outcome of MHC:TCR engagement through the expression 
of co-stimulatory molecules needed for robust T cell activation and through the 
production of cytokines that influence T cell effector functions. These antigen- 
presenting capabilities of myeloid cells are critical for the activation of T cells, and 
failure to downregulate the antigen presentation capabilities of myeloid cells con- 
tributes to heightened immune responses and immunopathology in primary HLH. 
Primary HLH is triggered in patients with genetic defects in perforin or other 
proteins critical for exocytosis of cytotoxic granules, which result in defective CD8 
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T cell- and NK cell-directed cytotoxicity [26]. Patients with primary HLH are 
healthy until they are infected by a virus, which triggers an ineffective yet hyperin- 
flammatory systemic immune response [27]. Upon infection, myeloid cells are acti- 
vated to present viral peptides complexed with MHC I to activate CD8 T cells to 
eliminate virally infected cells. However, because primary HLH patients’ CD8 T 
cells have defective cytotoxicity, they fail to eliminate the virus resulting in chronic 
viremia [27]. CD8 T cells with defective cytotoxicity also fail to eliminate virally 
infected antigen-presenting cells [28], a negative regulatory mechanism that inhibits 
continuous and exaggerated antigen presentation during healthy immune responses. 
Failure of target cell death leads to immunologic synapse engagement lasting five- 
fold longer than normal, which is directly linked to hypersecretion of pathogenic 
pro-inflammatory cytokines by T cells and myeloid cells [29]. These findings are 
likely clinically relevant, as a heterozygous mutation in the primary HLH gene 
RAB27A results in delayed cytotoxic granule polarization and was sufficient to pro- 
duce susceptibility to HLH in two patients [30]. Therefore, in primary HLH, CD8 T 
cells are unable to kill infected antigen-presenting cells [28], which results in more 
robust antigen-presenting cell—cytotoxic T cell interactions and heightened produc- 
tion of pathogenic pro-inflammatory cytokines that drive disease. This feed-forward 
inflammatory loop is critical for HLH pathogenesis, as depletion of CD8 T cells is 
sufficient to reduce overproduction of IFNy and ameliorate clinical manifestations 
of HLH in mice [31]. These data highlight that myeloid cell antigen presentation is 
central to the initiation and perpetuation of hyperinflammatory CD8 T cell responses 
characteristic of primary HLH, and IFNy is a prime therapeutic target in this CSS 
that is currently being tested in the clinic (clinicaltrials.gov; NCT01818492). 

Termination of antigen presentation by cytotoxic lymphocyte-mediated killing 
of myeloid cells is also critical to prevent HLH in mice. In mice harboring defects 
in both perforin-mediated cytotoxicity and Fas-dependent cell death of CD11c- 
expressing myeloid cells, features of HLH develop in uninfected mice including 
cytopenias, elevated IFNy levels, hyperactivation of T cells, hepatitis, splenomeg- 
aly, and early mortality [32]. This spontaneous model of HLH further highlights the 
importance of lymphocyte-mediated killing of myeloid cells to terminate continu- 
ous antigen presentation, which is an immunomodulatory mechanism preventing 
the aberrant hyperactivation of T cells capable of triggering cytokine storm. 


Immunoregulatory Functions of Myeloid Cells in Cytokine 
Storm Syndromes 


Although myeloid cells have multiple functions that initiate and perpetuate cytokine 
storm immunopathology, their cellular plasticity makes them prime agents in medi- 
ating immunoregulatory and tissue-healing functions in the resolution phase of 
CSSs. These myeloid cell functions are likely important clinically, as more patients 
are surviving the first few days of the characteristic hyperinflammatory response of 
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CSSs owing to improved diagnosis, therapeutic interventions and supportive care. 
These individuals often have persistent hyperinflammatory responses, develop a 
state of 1mmunoparalysis predisposing to secondary infectious challenges, and 
develop multisystem organ failure in the setting of a systemic catabolic state. The 
etiology of these secondary effects remains largely unknown, yet they remain clini- 
cally important features of CSSs, as they contribute significantly to morbidity and 
mortality. Future attempts to capitalize on the plasticity of myeloid cell functional- 
ity may offer novel therapeutic approaches to speed the resolution of inflammation 
and aid in the return to homeostasis in patients with CSSs. 

Evidence for an immunomodulatory role of myeloid cells in CSSs includes the 
recognition that hemophagocytosing histiocytes may not play a pathologic role in 
MAS and HLH, but rather have anti-inflammatory functions. Hemophagocytes are 
myeloid cells that have phagocytosed hematopoietic cells and are commonly found 
in the bone marrow and tissues of patients with CSSs. Schaer et al. were the first to 
identify that hemophagocytosing CD163* myeloid cells in patients with CSSs 
express high levels of the anti-inflammatory molecule heme oxygenase (HO)-1 
[33]. HO-1 catalyzes the degradation of heme into biliverdin, ferrous iron, and car- 
bon monoxide, which have known anti-inflammatory, antiapoptotic, and antioxida- 
tive effects [34]. As hemophagocytes often engulf whole red blood cells, they 
contain sufficient sources of heme to be degraded into its anti-inflammatory con- 
stituents in the presence of HO-1. Furthermore, Canna et al. used laser capture 
microscopy to identify hemophagocytes for transcriptomic analysis, and demon- 
strated significant gene set enrichment of genes expressed by M2 macrophages [35]. 
M2 macrophages are known to have functions that decrease inflammation and sup- 
port tissue repair indicating that hemophagocytic myeloid cells may have beneficial 
roles in resolving inflammation during CSSs. Ohyagi et al. bring functional rele- 
vance to these observations by demonstrating that hemophagocytes are an important 
source of IL-10, an anti-inflammatory cytokine, downstream of TLR and PRR acti- 
vation in mice [36]. Furthermore, blockade of hemophagocytosis or defective IL-10 
production by hemophagocytes increased virally induced mortality in a murine 
model of a CSS [36]. The production of IL-10 by hemophagocytes may not be sur- 
prising, as HO-1-mediated degradation of heme is known to induce IL-10 produc- 
tion from myeloid cells [37]. These data support a role for IL-10 production and 
hemophagocytosis as immunomodulatory functions of myeloid cells in preventing 
collateral immune-mediated damage in CSSs. Future efforts to identify the IL-10 
producers and responders mediating the immunomodulatory effect of IL-10 in CSSs 
may reveal opportunities to mitigate the overwhelming hyperinflammatory response 
that leads to life-threatening disease in HLH and MAS. 

In addition to their immunomodulatory functions, myeloid cells may be directly 
involved in reparative processes that restore homeostasis following immune- 
mediated damage in CSSs. Patrolling monocytes, also known as nonclassical mono- 
cytes, are well-positioned to function in this role, as they are closely associated with 
vascular endothelial cells, cells that are commonly damaged in CSSs. Patrolling 
monocytes maintain close contacts with vascular endothelial cells where they detect 
damaged endothelial cells [38]. Upon encounter of TLR agonists, patrolling 
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monocytes increase their interactions with small vessel endothelial cells in inflamed 
tissues and mediate the in situ removal of cellular debris following TLR-mediated 
endothelial cell death [39]. Human patrolling monocytes also spontaneously pro- 
duce the anti-inflammatory molecule IL-1RA and induce lower levels of pro- 
inflammatory cytokine upon activation by TLR agonists compared to inflammatory 
monocytes [40], which indicate that patrolling monocytes have immunomodulatory 
rather than pro-inflammatory functions. The differentiation of inflammatory mono- 
cytes into reparative patrolling monocytes has also been reported in a model of 
sterile liver injury, whereby they prevent excess tissue damage through IL-4- and 
IL-10-dependent mechanisms [41]. These data suggest that patrolling monocytes 
are poised to respond to damaged tissues and aid in the removal of cellular debris to 
promote wound healing. These myeloid cell functions are likely critical for restor- 
ing homeostasis in patients suffering from systemic tissue injury in the resolution 
phase of CSSs. 


Conclusions 


Myeloid cells have diverse and malleable functions that empower them to influence 
all phases of cytokine storm physiology from initiation to resolution making them 
prime therapeutic targets in CSSs. Future efforts will be needed to identify the criti- 
cal myeloid specific effector functions downstream of “danger” signal recognition 
that contribute to widespread tissue damage in CSSs. Evidence linking myeloid- 
derived inflammatory cytokines to specific cytokine storms may offer novel 
cytokine-directed treatments for CSSs. Identification of the molecular interactions 
between myeloid-derived antigen-presenting cells and pathogenic T cells could 
yield effective approaches to break the perpetual cycle of antigen presentation that 
drives pathogenic immune responses in primary HLH. Finally, the capacity of 
myeloid cells to gain immunomodulatory and tissue-healing properties during sys- 
temic inflammatory responses could be manipulated to accelerate the resolution of 
inflammation for therapeutic benefit in CSSs. Such myeloid cell-directed interven- 
tions would be welcome to combat the devastating hyperinflammatory responses 
that result in severe morbidity and mortality across the spectrum of CSSs. 
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Introduction 


As the name directly implies, cytokine storm syndrome (CSS) in general is charac- 
terized by the elaboration of large amounts of multiple cytokines that are in large 
part responsible for the organ toxicity of the disease. The identity of the cytokines 
produced often varies depending on the underlying cause or trigger of CSS. 
Additionally, the response to these cytokines is likely modulated by host factors 
including genetics, resulting in different interpretations of different cytokine levels 
depending on context. The advent of clinical “cytokine panel” testing allows the 
clinician to survey the landscape of cytokine production with the hope that this 
information may provide cues toward both diagnosis and therapy. However, the util- 
ity of serum cytokine testing is limited by a number of factors: cytokine burden is 
often in the tissue and therefore not detected by sampling the blood, cytokine levels 
may change rapidly in a nonlinear fashion throughout disease course rendering a 
single time-point difficult to interpret, and therapy may change cytokine levels in 
unpredictable and unknown ways. Nonetheless, work in both animal models and 
human studies have determined some stereotypical cytokine patterns associated 
with disease state and pathogenesis, and indeed in some circumstances, cytokine 
targeted therapeutic approaches. Table 1 summarizes the key cytokines that are dis- 
cussed in this chapter. Figure 1 presents this information graphically. 
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Table 1 Major cytokines associated with CSS 


Cytokine | Type of evidence Benefits of targeting References 


Murine model of pHLH, | Potent efficacy in multiple murine models [1, 3-8] 
MAS 


IFNy 


IL-1 


IL-18 


IL-33 


IL-6 


TNF 


IL-10 


IL-4 


Fig. 1 Schematic of 
cytokine networks in CSS 


Human studies of pHLH, 
MAS 


Case-series level reports | Typically excellent safety profile [15-17] 
in humans 


Murine model of MAS May target a more proximal mediator of [24-28] 
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Interferon Gamma 


Perhaps the best studied mediator of CSS, Interferon gamma (IFNy) has been iden- 
tified as a common mediator of CSS in multiple scenarios. In seminal work by 
Jordan et al. using the perforin deficient mouse to model primary hemophagocytic 
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lymphohistiocytosis (pHLH), it was shown that neutralization of IFNy ameliorates 
disease [1]. Subsequent work has shown that this IFNy is produced by overstimu- 
lated CD8 T-cells that are unable to clear stimulating antigen [2]. This has led to the 
advent of clinical trials of IFNy neutralization in HLH that are currently ongoing 
(ClinicalTrials.gov Identifier: NCT03312751 & NCT03311854). IFNy leads to the 
expression of hundreds of so-called interferon stimulated genes (ISG), providing 
the opportunity to direct a complex effector response. It is not yet clear which cell 
types, and which IFNy stimulated gene products lead to organ toxicity. However, 
one particular ISG, CXCL9 has proven to be an effective biomarker of IFNy activity 
in HLH [3]. Furthermore, patients with lymphoma associated HLH had much higher 
CXCL9 levels compared to septic patients, and levels decreased concordant with 
therapeutic response [4]. 

IFNy has also been implicated in forms of secondary HLH (sHLH) in both 
human and murine models of disease. Using a murine model of Macrophage 
Activation Syndrome (MAS) predicated on repeated toll-like receptor 9 stimulation 
(TLR9-MAS), neutralization of IFNy has been shown to ameliorate disease, much 
as it has in the perforin deficient model [5, 6]. Subsequent work has shown elevated 
of levels CXCL9 in this model acting as a biomarker similar in HLH [7]. This has 
been translated to human disease, where IFNy and CXCL49 if found in patients with 
MAS that is not present in patients with active Systemic Juvenile Idiopathic Arthritis 
(SJIA) [8], distinguishing these two often confusable conditions. In the setting of 
both the murine MAS models, as well as in human disease, the source of IFNy does 
not appear to be the same as in pHLH. Cytotoxic killing defects are not universally 
present in this setting like in pHLH, thus CD8 T-cell antigen stimulated IFNy release 
does not appear to always be the source of IFNy in sHLH models. Natural killer 
(NK) cells are often invoked in SJIA/MAS pathogenesis [9], and these cells may be 
another potent producer of IFNy, although evidence for their involvement in SJIA is 
mixed [10]. In the TLR9-MAS model, IL-12 is essential for IFNy production while 
this is dispensable in the perforin deficient pHLH model. IL-18 (discussed in greater 
detail below) may be another important IFNg-inducing factor in autoinflammatory 
MAS. 

While increased levels of IFNy are present in serum of both pHLH and MAS 
patients, sampling of serum may significantly underestimate the amount of IFNy 
actually present. Treatment of pHLH patients with an IFNy neutralizing antibody 
show increases of 100- to 100-fold more total IFNy in the serum after antibody 
administration, presumably as the antibody complexes with IFNy in the tissues and 
is cleared in the blood [11]. This highlights the fact that while blood is generally the 
only clinically accessible tissue to sample for cytokine levels, much of the important 
cytokine response may be happening in the tissue. 

Notably, as central as IFNy seems to be in multiple forms of CSS, there are also 
both murine and human examples of CSS occurring in absence of IFNy. In the 
TLR9-MAS murine model, blockade of IL-10 signaling allows all symptoms of 
MAS to proceed, with the exception anemia, despite neutralization of IFNy [12]. 
Multiple cases of humans with IFNy receptor deficiencies presenting with HLH 
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syndromes have been reported [13, 14]. It therefore seems that while IFNy is 
certainly a critical cytokine for many CSS scenarios, it is not universally necessary 
to develop many of the clinical features of CSS. 


Interleukin-1 Family Cytokines 


The interleukin 1 (IL-1) family cytokines include 11 related gene products, of which 
IL-1, IL-18, and IL-33, have known relevance to CSS and will be discussed herein. 
IL-1 family members signal through receptors that utilize the MyD88 adaptor, and 
downstream NF«B and ERK signals to direct inflammatory responses. IL-1B and 
IL-18 are activated from their pre-protein forms by the inflammasomes, a class of 
multimolecular complexes that activate caspase-1 to cleave the inactive pro-forms 
of IL-1B and IL-18 to their active forms. Inflammasomes act as sensors for cytosolic 
“danger” signals, moieties made by pathogens that enter the cytoplasm of mamma- 
lian cells. A number of genetic lesions of inflammasome function have been 
described that lead to constitutive activity, and therefore overproduction of IL-1B 
and/or IL-18 that in some cases result in a CSS. 


IL-16 


IL-16 has been implicated in MAS due to a number of reports of the successful use 
of the drug anakinra, recombinant IL-1 receptor antagonist, to treat MAS and related 
CSS syndromes [15-17]. The strong association of MAS with SJIA [18] and the 
well-described success of IL-1 blockade in the treatment of active SJIA [19-21] 
provide an additional link to this cytokine and MAS. Which effector functions of 
IL-1 that might drive the CSS in these scenarios has not been yet elucidated. In 
contrast to these reports of the successful use of anakinra to treat MAS, in a large 
trial of the IL-1B neutralizing antibody canakinumab in the treatment of SJIA, treat- 
ment with drug failed to show a significant protection from the development of 
MAS [22]. This may be due to this study not having power to detect as small effect 
size, as there was a trend toward protection, or may be due to differences in IL-16 
neutralization compared to the receptor blockade provided by anakinra, which 
would block both IL-16 and IL-1la. It has also been suggested that the doses of 
canakinumab used were too low to prevent MAS, since much higher doses of 
anakinra seemed to help MAS like presentations of sepsis in a retrospective reanaly- 
sis of anakinra in sepsis trial [23]. Alternatively, there may be differences in the role 
of IL-1 in initiating disease versus propagating disease, explaining why blockade 
might not prevent MAS, and yet still show efficacy in treating it once it has occurred. 
In the context of these data, it is important to note that genetic activating lesions of 
the NLRP3 inflammasome result in the production of large amounts of IL-1f release 
that is effectively treated by anakinra, and yet these patients do not seem to be at 


Cytokines in Cytokine Storm Syndrome 201 


greater risk for MAS, suggesting that IL-1B alone may be insufficient for MAS 
development. However, a clinical trial of IL-1 blockade for treatment of MAS is 
currently underway (ClinicalTrials.gov Identifier: NCT02780583). 


IL-18 


The other major cytokine of inflammasome origin is IL-18. While like many other 
cytokines it has many diverse effector functions, from the view point of CSS patho- 
physiology, its most notable function is the induction of IFNy from both CD8 T-cells 
and NK cells. High serum levels of IL-18 are associated with increased risk of MAS 
in SJIA [24]. In the TLR9-MAS animal, deletion of the antagonizing IL-18 binding 
protein exacerbated disease, suggesting that IL-18 does play a direct role in disease 
activity [25]. Recently, activating mutations of the NLRC4 inflammasome have 
been associated with an MAS-like syndrome [26, 27]. These patients have extremely 
high levels of serum IL-18 not seen in the NLRP3 activating mutations. Accordingly, 
a patient with NLRC4 mutation treated with a recombinant IL-18 binding protein 
that antagonizes IL-18 activity was reported to have a dramatic immediate and pro- 
longed resolution of her MAS symptoms [28]. IL-18 blockade was associated with 
a decrease in the genetic signature of IFNy response, consistent with a model of 
IL-18 induced IFNy production driving MAS. Loss of function mutations in XIAP 
also cause an HLH syndrome accompanied by elevated IL-18 [29]. XIAP is a nega- 
tive regulator of inflammasome function, and represses the production of inflamma- 
some activated cytokines. A trial of IL-18 blockade with IL-18 binding protein in 
XIAP and NLRC4-MAS is currently underway (ClinicalTrials.gov Identifier: 
NCT03113760). 

IL-18 has been studied in murine models of pHLH. Unlike the profound effect 
reported in NLRC-MAS, in these murine models IL-18 blockade did not improve 
survival [30]. The mice did have some improvement in liver inflammation, but 
IL-18 was clearly not central to disease pathogenesis. This likely speaks to differ- 
ences in underlying pathophysiology between MAS and pHLH, and the different 
contributors to the pathogenic IFNy in each case and/or inherent differences in 
among mice and between humans. 


IL-33 


IL-33 biology is different from IL-1ß and IL-18 in that it is not inflammasome pro- 
duced. Rather, it is present as a nuclear protein in endothelial and epithelial cells 
that is released upon inflammatory cell death. While it has traditionally been thought 
to be a cytokine that drives the atopic “Th2” cytokine response (IL-4/13), it also has 
a role similar to IL-18 in inducing IFNy from CD8 T-cells. In the perforin deficient 
murine model of pHLH, IL-33 was critically required for pathogenic IFNy 
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production and blockade the IL-33 receptor ameliorated disease to an extent similar 
to IFNy blockade [31]. There is not yet human data that assesses a role of IL-33; 
however, it remains possible that IL-33 plays a role in pHLH similar to what IL-18 
plays in MAS. Thus, there may be a role for IL-33 blockade in different human CSS 
subsets. 


Interleukin-6 


IL-6 is perhaps one of the most pleotropic cytokines, produced by and acting on 
immune and nonimmune cells, with effects across multiple organ systems. Blockade 
of IL-6 receptor is effective for the treatment of SJIA; however, reports suggest that 
is may not be completely efficacious in SJIA-MAS, masking inflammatory symp- 
toms rather than actually resolving them [32]. Unlike IL-18, IL-6 elevation does not 
correlate with MAS risk in SJIA [33]. There are no formal trials of IL-6 blockade in 
either human or murine systems of pHLH or MAS. However, an IL-6 transgenic 
mouse that constitutively produces the cytokine develops an MAS like syndrome 
after treatment with the TLR4 ligand LPS, much like the repeated TLR9 model [34]. 
Additional studies have shown that IL-6 acts on NK cells to suppress the cytolytic 
activity [8, 35]. Thus, it has been postulated that IL-6 may be an environmental 
exacerbating factor that could mimic or even enhance the genetic factors that impair 
cytotoxicity and lead to pHLH. It has been speculated that it is perhaps a combina- 
tion of hypomorphic genetic lesions that impair cytotoxicity at a subclinical level 
but are then further impaired by IL-6 high environments, leading to secondary HLH 
or MAS [8, 35, 36]. 

Patients that experience cytokine release syndrome, a CSS that occurs in patients 
with B-cell leukemia treated with chimeric antigen receptor T-cell therapy or with 
the CD19/CD3 bispecific antibody blinatumomab develop extremely high IL-6 lev- 
els [37, 38]. Accordingly, the cytokine release syndrome appears to be very sensi- 
tive to IL-6 receptor blockade with tocilizumab. Thus, it would appear that in this 
context, IL-6 is indeed a central cytokine in the pathogenesis of the iatrogenic CSS 
of cytokine release syndrome. 


Tumor Necrosis Factor 


Tumor necrosis factor alpha (TNF) has long been associated with the inflammatory 
response of sepsis, although its blockade did not improve outcomes in clinical trials 
[39, 40]. Case reports of TNF blockade as both the cause of, and successful treat- 
ment for SJIA-MAS are present in the literature [41—43]. In murine models of per- 
forin deficient pHLH, blockade of TNE had no effect on outcome [1]. There is little 
high quality evidence for or against TNF blockade in human disease; however, 
given that there are already established targets in other pathways, TNF blockade is 
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not likely to emerge as candidate for a population level trial in CSS in the near 
future. Perhaps as we learn more about the specific individual lesions that lead to 
CSS, TNF blockade may reemerge as an opportunity for a personalized medicine 
approach. 


Interleukin-10 


IL-10 is an archetypical example of an anti-inflammatory cytokine acting on both 
myeloid and lymphoid cells to regulate and restrict their effector functions. Notably, 
along with IFNy, it is highly upregulated in pHLH, presumably as a futile attempt 
at compensatory control of the inflammation. High levels of concomitant serum 
IL-10 and IFNy distinguished pHLH patients from septic patents, who instead 
tended instead to have higher IL-6 serum levels [44]. In the murine model of perfo- 
rin deficient pHLH, blockade of IL-10 had no effect on disease progression; how- 
ever, in the repeated TLR9 model of MAS, IL-10 blockade significantly worsened 
morbidity and mortality. This may reflect the relative ability of IL-10 to control CSS 
mediated inflammation during different triggers of the cytokine storm state. The 
relevant sources of IL-10 and responding cells remain poorly understood, although 
some reports in both human and murine settings suggest that hemophagocytes 
themselves may be a source of IL-10 [45, 46]. While enhancing IL-10 levels or 
function may be a possible therapeutic target in the future, there are no currently 
available means to address this pathway clinically. 


Hematopoietic Cytokines 


Granulocyte monocyte colony stimulating factor (GM-CSF), IL-3, and stem cell 
factor (SCF) are all cytokines the promote hematopoiesis of myeloid cell lineages. 
In order to study xenografted human bone marrow in mice, an attempt to increase 
myeloid engraftment using triple transgenic mice expressing all three of these cyto- 
kines were made. Remarkably, these developed an MAS-like phenotype after 
engraftment with human umbilical cord blood that did not require lymphocytes, but 
was responsive to IL-6 receptor blockade [47]. Although this murine model is not 
directly related to any human clinical scenario of CSS, the implication that overex- 
pression of myelopoietic cytokines opens up the possibility that these pathways 
may play some role in certain forms of CSS particularly in cases that are IL-6 block- 
ade responsive. 
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Interleukin-4 


IL-4 is traditionally considered to be a central mediator of “Th2” inflammation, the 
immune response associated with atopic and antiparasitic responses. However, mice 
that were exposed to chronic high levels of IL-4 using an osmotic pump developed 
many of the features of pHLH, primarily cytopenia and hemophagocytosis [48]. 
These effects did not depend on lymphocytes, nor on IFNy. Much like the GM-CSF/ 
IL-3/SCF model, there is not a direct clinical correlate for this system; however, this 
raises the possibility that in cases of severe Th2 responses, some features of CSS 
may become present. For instance, drug reaction with eosinophilia and systemic 
symptoms (DRESS) syndrome, may be a clinical example of an over exaggerated 
Th2 response that results in a CSS-like picture. 


Conclusion 


Given that the CSS spectrum consists of a heterogeneous group of genetic and envi- 
ronmental triggers, it should be expected that there will be a diverse array of cyto- 
kines that drive the initiation and propagation of disease. Further basic investigation 
will no doubt clarify which mechanisms lead to which cytokine profiles, and will 
inform therapeutic strategies. Improved technology to sample the cytokine milieu in 
the serum as well as target tissues may be needed to make use of this knowledge. 
Alternatively, biomarkers of cytokine response, such as CXCL9 for IFNy, may 
prove useful diagnostically as well as for measurement of treatment response. 
Nonetheless, it remains remarkable that in many scenarios, blockade of a single, key 
cytokine is often able to produce dramatic clinical benefit, highlighting the impor- 
tance of cytokine biology and the need for continued therapeutic development for 
these patients. 
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LCMV Lymphocytic choriomeningitis virus 

MSMD Mendelian susceptibility to mycobacterial diseases 
mTOR Mammalian target of rapamycin 

NEMO Nuclear factor-kappa B essential modulator 

NF Nuclear factor-«B 


NK Natural killer 

PID Primary immunodeficiency disease 

SCID Severe combined immunodeficiency 

TACI Transmembrane activator and CAML interactor 
Ty T helper cell 

TLR Toll-like receptor 

Treg Regulatory T cell 


Tregs T regulatory cells 

WAS Wiscott—Aldrich syndrome 

XLA X-linked agammaglobulinemia 

XLP X-linked lymphoproliferative 

XMEN X-linked immunodeficiency with magnesium defect, Epstein—Barr virus 
infection, and neoplasia 


Introduction 


Primary immunodeficiency diseases (PID) are a diverse and growing category of 
more than 300 chronic disorders that share a susceptibility to infections. Traditionally, 
the immune systems of PID patients were considered essentially inert, but more 
recently the field has identified new PIDs (or recognized new phenotypes of existing 
PIDs) that demonstrate prominent inflammatory features. Whether characterized by 
excessive lymphoproliferation, defective granule-dependent cytotoxicity, or an 
overwhelming infection representing a unique antigenic challenge, PIDs can result 
in the development of cytokine storm syndrome (CSS). 

This chapter reviews CSS pathophysiology as it relates to PIDs (Table 1). For 
each PID, we provide an overview of the immunologic defect and how it promotes 
or discourages CSS phenomena. We highlight PID-associated molecular defects in 
pathways that are postulated to be critical to CSS physiology (..e., interferon 
gamma, interleukin (IL)-6, IL-12, and TNF-alpha), and review strategies for treat- 
ing CSS in PID patients with molecularly directed therapies. 


Defects in Granule-Dependent Cytotoxic Killing 


Cytotoxic killing is a key host mechanism for eliminating infected or malignant 
cells. Impaired cytotoxicity is a general feature of PIDs predisposed to CSS events, 
but there are several genetic deficiencies of specific components of the granule- 
dependent cytotoxic machinery that acutely demonstrate this concept. As the asso- 
ciated diseases, including familial hemophagocytic lymphohistiocytosis types 1—5, 
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Table 1 Association of PIDs with cytokine storm syndromes 


Disease 

Associated with cytokine storms 
Autoimmune lymphoproliferative syndrome 
Autosomal dominant hyper-IgE syndrome 
CD27 deficiency 

Ataxia-—telangiectasia 

Chronic granulomatous disease 


Chronic mucocutaneous candidiasis 
CTLA-4 haploinsufficiency 
Dyskeratosis congenita 


GATA2 deficiency 


Immune dysregulation, polyendocrinopathy, 
enteropathy, X-linked 


ITK deficiency 
Mendelian susceptibility to mycobacterial disease 


NEMO deficiency 

Severe combined immunodeficiency (SCID) 
Wiskott—Aldrich syndrome 

X-linked agammaglobulinemia 

XMEN and other channel defects 

Unclear association with cytokine storms 
Autosomal dominant hyper-IgE syndrome 
Chronic mucocutaneous candidiasis 


Immune dysregulation, polyendocrinopathy, 
enteropathy, X-linked 


22q11.2 deletion syndrome (DiGeorge, 
velocardiofacial syndrome) 


Not associated with cytokine storms 

Activated phosphoinositide 3-kinase 5 syndrome 
ADA SCID 

CD40/CD40L deficiency 

CD70 deficiency 

STIMI deficiency 

TACI deficiency 

MyD88 and IRAK4 deficiency 


References 
FAS, FASL [28, 29] 


STATS [113] 
2-51 
49] 


CYBA, CYBB, NCF1, | [49, 142-144, 
NCF2 146] 


STATI GOF [112] 
CTLA4 [11, 12] 


TERT, TERC, DKCI, | [49] 
TINF2 


GATA2 [152, 153] 


FOXP3, CD25, ILI0, |[121] 
ILIOR 


ITK [3,39] 


IL1I2R, IL12, IFNẹ, [104-106] 
STATI 


74, 751 
47-51] 
49, 70) 
132 

[89-91] 


STAT3 [113] 
STATI GOF [112] 


FOXP3, CD25, IL10, | [121] 
ILIOR 

TBX1 [63-65] 
ADA 


ADA 


Chediak—Higashi syndrome, Griscelli syndrome type 2, Hermansky—Pudlak syn- 
drome type 2, and X-linked lymphoproliferative syndrome type 2 are covered in 
detail by other chapter authors, we will not review them further. 
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Lymphoproliferative Disorders 


PID patients unable to control excessive effector lymphocyte expansion or malig- 
nant/infected target cell proliferation are susceptible to CSS events. 


X-linked Lymphoproliferative Syndrome Types I 


X-linked lymphoproliferative syndrome type 1 (XLP1) is caused by Src homology 2 
domain protein 1A (SH2D1A) deficiency and is characterized by a predilection for 
Epstein-Barr virus (EBV)-lymphoproliferative disease. Sixty percent of XLPI 
patients experience recurrent hemophagocytic lymphohistiocytosis (HLH) episodes, 
often related to EBV infection. XLP1 patients also demonstrate subtle hypogamma- 
globulinemia, impaired cytotoxicity, and are predisposed to lymphoma. XLP1 is 
covered in detail in other book chapters. We mention it (briefly) here because it is the 
prototypical lymphoproliferative disease and because it may be confused with other 
PIDs, specifically common variable immune deficiency (CVID). 


CD27 and CD70 Deficiencies 


CD27 deficiency and CD70 deficiency are related autosomal recessive combined 
immune deficiencies. Both CD27 and CD70 are TNF-receptor/TNF superfamily 
members and are an exclusive receptor—ligand pair (Fig. 1). In healthy controls, CD70 
expression on malignant and EBV-infected B cells activates CD8* cytotoxic T 


Fig. 1 Simplified 
schematic: mediators of 
cytokine storm-associated 
primary immunodeficiency FasR NADPH TLR 
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membrane-associated, and 
intracellular proteins are 
labeled. CSS-related 
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lymphocytes (CTLs) through interaction with CD27 [1]. CD27 deficient patients dis- 
play a combined immunodeficiency characterized by hypogammaglobulinemia and 
EBV infection-related complications including HLH and malignant lymphoma [2-5]. 
Interestingly, despite increased EBV susceptibility, CSS events have not been reported 
in CD70 deficient patients. The reason for this apparent discrepancy is unknown. 


CTLA-4 Haploinsufficiency 


Cytotoxic T lymphocytic antigen-4 (CTLA-4) haploinsufficiency is an autosomal 
dominantly inherited PID. Incomplete penetrance is common. CTLA-4 is an impor- 
tant negative regulator of T-cell responses [6]. It is constitutively expressed on T 
regulatory cells (Tregs), and upregulated in conventional helper T cells after their 
activation. CTLA-4 acts in trans through competition with the T-cell co-activation 
molecule CD28 for B7 ligands, and in cis by directly antagonizing T-cell receptor 
signaling [7, 8]. CTLA-4-deficient mice experience fatal infiltrative lymphoprolif- 
eration [9]. CTLA-4 haploinsufficiency in humans manifests similarly to the murine 
model of deficiency, but is also frequently associated with hypogammaglobulinemia 
[10]. CTLA-4 haploinsufficient patients responding to significant antigenic chal- 
lenges have experienced CSS events. For example, HLH episodes have been 
reported in CTLA-4 haploinsufficient patients with EBV-induced Hodgkin lym- 
phoma [11] and Aspergillus fungemia [12]. The later patient was successfully 
treated with abatacept, a fusion protein of the IgG1 Fc-region and the extracellular 
CLTA-4 domain. Chloroquine/hydroxychloroquine, which augments CTLA-4 
expression by inhibiting its lysosomal degradation, may also hold promise for 
restoring immune equilibrium in CTLA-4 haploinsufficient patients [13]. 


Autoimmune Lymphoproliferative Syndrome 


Autoimmune lymphoproliferative syndrome (ALPS) type 1A is caused by deleteri- 
ous germ line or somatic mutations in the gene encoding FasR. FasR is a type 
I-membrane protein expressed by activated or infected lymphocytes including EBV 
infected B cells [14]. Its ligand (FasL) is predominantly expressed by CTLs and natu- 
ral killer (NK) cells. FasR—FasL interactions initiate caspase-8-mediated apoptosis 
[15]. Absent FasR/FasL interactions, ALPS patients are unable to maintain lympho- 
cyte homeostasis through apoptosis, and often display abnormal, expanded popula- 
tions of CD4~-CD8 double negative T cell receptor alpha beta T cells (DNT). ALPS 
manifests clinically with impressive lymphadenopathy, splenomegaly, and autoim- 
mune cytopenias [16—18]. Urticarial rashes, pulmonary fibrosis, and systemic lupus 
erythematosus have also been reported [19, 20]. Although ALPS patients are charac- 
teristically hypergammaglobulinemic, they are at increased risk of EBV-related 
infections, and lymphomas [21]. ALPS has also been reported in patients with muta- 
tions in genes encoding Caspase 8, Caspase 10, NRAS, and KRAS [22-26]. A genetic 
defect cannot be identified in 20-30% of ALPS patients [27]. 
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CSS episodes in undiagnosed ALPS patients have been mistaken for familial 
HLH [28, 29]. In confounding cases, laboratory testing including cytotoxicity 
assessments, DNT enumeration, and ultimately gene sequencing are critical tools 
for clinicians wishing to discriminate between these two conditions. 


Other Lymphoproliferative Syndromes 


It is notable that CSS events have not been reported in patients carrying heterozy- 
gous mutations in the gene encoding transmembrane activator and CAML interac- 
tor (TACI). Such mutations are exceedingly common and are highly associated with 
a lymphoproliferative form of CVID [30-34]. This may be because TACI is 
expressed on human B cells, not T cells, and therefore leave cytotoxicity unaffected. 
Interestingly, TACI is also expressed in murine macrophages where it downregu- 
lates genes classically characteristic of a M2 activation state including IL-4Ra, 
CD206, CCL22, IL-10, Arg], ILIRN, and FIZZ1 [35]. Polarization of macrophages 
away from the M1 activation state, which is associated with HLH [36], may also 
explain why TACI deficient patients have not experienced CSS events despite an 
affinity for lymphoproliferation. 

Similarly, activated phosphoinositide 3-kinase 6 syndrome (APDS), caused by 
gain-of-function mutations in genes encoding PIK3CD or PIK3R1, is also charac- 
terized by humoral immunodeficiency, EBV or CMV-induced lymphoproliferation, 
and a risk of B cell lymphoma, but not CSS episodes [37—40]. PIK3CD or PIK3R1 
mutations cause chronic mammalian target of rapamycin (mTOR) hyperactivation 
and resultant T-cell exhaustion. It is possible that exhausted PIK3CD or PIK3R1 
mutated T cells are less capable of mounting a systemic CSS immune response [41 ]. 


T-Cell Deficiency Disorders 


Severe Combined Immunodeficiency 


Severe combined immunodeficiency (SCID) encompasses a group of primary disor- 
ders characterized by severe T-cell lymphopenia and poor T cell proliferative 
responses. Several monogenic forms of SCID have been identified, and can be 
transmitted by X-linked or autosomal recessive inheritance. SCID may also occur in 
the context of thymic aplasia. The most common SCID causing mutations occur in 
the genes encoding the IL-2 receptor gamma chain (IL-2RG), adenosine deaminase 
(ADA), IL-7 receptor (IL7RA), and several gene products involved in DNA repair 
(RAG, ARTEMIS, etc.) [42]. Hypomorphic mutations in SCID genes, especially 
those involved in DNA repair, can result in the oligoclonal expansion of autoreac- 
tive T cells. This phenomenon, called Ommen syndrome, presents with characteris- 
tic erythroderma and diffuse alopecia from infiltrating T cells [43-45]. T cell 
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mediated inflammation in Ommen syndrome also effects other organs including the 
lung, liver, and intestines. 

Favorable SCID outcomes correlate with early age at hematopoietic stem cell trans- 
plant (HSCT), and are inversely related to the number of pre-transplant infections [46]. 
Prior to the introduction of universal newborn screening assays for T cell lymphope- 
nia, SCID patients typically presented late in infancy with severe opportunistic 
infections and related pulmonary disease, diarrhea, and failure-to-thrive. At the time of 
publication, most US states screen all newborns for congenital lymphopenia allowing 
rapid identification, timely infectious prophylaxis initiation, and early transplantation. 

HLH episodes have been reported in IL-2RG, RAG-1, IL7RA, and CD3¢-deficient 
patients, primarily in infectious contexts. Linked pathogens include common viruses 
(CMV, EBV, Rhinovirus, Adenovirus), enteric bacteria (Enterobacter, gram-negative 
sepsis), and opportunistic microbes (P. jirovecii, P. aeruginosa, Candida) [47-51]. In 
many cases, patient bone marrow aspirates characteristically display extensive hemo- 
phagocytosis, but absent T lymphocytes. This finding clearly suggests that T cell 
contributions to CSS episodes are nonessential in this setting. It 1s interesting to the 
authors’ that CSS episodes have not been reported in adenosine deaminase (ADA) 
deficient SCID, whereas elevated serum ADA concentrations are reported in immune 
competent HLH patients [52]. Adenosine possesses several dose-dependent, anti- 
inflammatory properties and it is possible that accumulation of extracellular adenos- 
ine simultaneously promotes SCID and prevents CSS immunopathology [53]. 


Interleukin 2-Inducible T Cell Kinase Deficiency 


Interleukin 2-inducible T cell Kinase (ITK) deficiency is an autosomal recessive 
combined immunodeficiency. ITK is a member of the TEC family, and functions as 
a non-receptor protein-tyrosine kinase in the development and signaling of lym- 
phoid cells [54]. ITK-deficient patients exhibit hypogammaglobulinemia and pro- 
gressive loss of CD4* T cells [55] which predisposes them to bacterial and viral 
infections. Like XLP1, ITK-deficient patients are especially susceptible to EBV- 
induced B cell proliferation and Hodgkin lymphoma [56-58]. EBV related HLH 
has been reported in multiple ITK-deficient patients [55, 59]. 


Chromosome 22q11.2 Deletion Syndrome 


22q11.2 deletion syndrome (also known as DiGeorge syndrome, as well as velocar- 
diofacial syndrome) is a multisystem developmental disorder. Although most 22q11.2 
deletions occur de novo, they can also be inherited in an autosomal dominant manner. 
Many features of the syndrome are caused by haploinsufficiency of TBX1 which is 
essential to forming the third and fourth pharyngeal arches during embryogenesis. 
The result is midline developmental defects including cleft palate, conotruncal 
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cardiac anomalies, thymic aplasia, and hypoparathyroidism [60, 61]. Most chromo- 
some 22q11.2 deletion syndrome patients have sufficient thymic tissue to generate an 
adequate number of T cells for immune protection. Patients who do not have suffi- 
cient thymic tissue require thymic, not hematopoietic, transplantation [62]. 

There are five reports of 22q11.2 deletion syndrome patients with CSS-like 
episodes. One with thymic aplasia and reduced cytotoxicity assessments presented 
with HLH [63], although others with thymic tissue and/or normal T/B-cell function 
and NK cell activity presented similarly [64]. More recently, a 25-year-old man 
with 22q11.2 deletion syndrome developed EBV-associated T-cell lymphoma and 
hemophagocytosis [65]. 22q11.2 deletion and HLH have been proposed by some 
to be non-randomly associated, but given the large number of 22q11.2 deletion 
syndrome patients (incidence = 1:3000 births) and the limited number of HLH 
cases reported in the literature, it is likely that these conditions are independent 
events that casually co-occur. 


Wiscott—Aldrich Syndrome 


Wiscott—Aldrich Syndrome (WAS) is an X-linked PID that is characterized by 
thrombocytopenia, eczema, and a variable degree of combined immunodeficiency 
[66, 67]. WAS results from a deficiency in the WAS-protein (WASp), which is 
expressed in hematopoietic cells and is an important regulator of actin polymeriza- 
tion [68]. Because it is expressed in all hematopoietic cells, the immunologic con- 
sequences of WASp deficiency can be broad and include impaired migration, 
phagocytosis, and immune synapse formation in T cells, B cells, and innate immune 
cells. Autoimmunity is also common, and presents in early childhood with 
antibody-mediated cytopenias and vasculitis [69]. B-cell lymphoma (often EBV- 
positive) and leukemias are common in adolescent WAS patients, and EBV and 
CMV-associated HLH episodes have been reported [49, 70]. WASp is essential for 
NK cells to form a cytotoxic synapse with a target cell [71], possibly accounting 
for the difficulty WAS patient have clearing viral infections and controlling immune 
responses. 


NEMO Deficiency 


NF-kappa-B essential modulator (NEMO) deficiency is an X-linked combined 
immune deficiency. NEMO, encoded by the X-linked gene JKBKG, is an essential 
component of the nuclear factor-kB (NFB) activation complex. As NF«B is biologi- 
cally ubiquitous, NEMO deficiency manifests as a multi-system disease with fea- 
tures including ectodermal dysplasia, osteopetrosis, lymphedema, and immune 
deficiency [72]. In the context of immunity, NEMO is positioned downstream of 
many cell surface receptors including the B/T-cell receptors, toll-like receptors 
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(TLRs), CD40, and cytokine receptors that utilize JAK-STAT signaling, including 
those for IL-1 and TNF. Although first described as form of hyper-I[gM syndrome, 
NEMO deficient patients display wide-ranging alterations in innate and adaptive 
immunity, including impaired NK cell cytotoxicity [73]. Like other diseases associ- 
ated with impaired cytotoxic killing, NEMO deficiency appears to confer a risk of 
HLH [74, 75]. 


CD40/CD40L Deficiency 


CD40 deficiency is an autosomal recessive combined immune deficiency, and 
CD40L deficiency is an X-linked combined immune deficiency; they are otherwise 
indistinguishable. CD40, a TNF receptor superfamily member, is expressed on B 
cells and other professional APCs. Its ligand (CD40L, also known as CD154) is tran- 
siently expressed on the surface of activated CD4* T cells [76]. CD40/CD40L inter- 
actions mediate key aspects of humoral immunity like class-switch recombination 
and somatic hypermutation [77-79]. CD40/CD4OL interactions are also essential for 
T helper cell (Ty) type 1 priming of cellular immunity. Hence, CD40/CD40L- 
deficient patients are highly susceptible to both sinopulmonary and opportunistic 
infections. CD40/CD40L-deficient patients also develop inflammatory diseases 
including cytopenias, arthritis, inflammatory bowel disease, and development of 
organ-specific autoantibodies, highlighting the importance of this signaling pathway 
for normal immune tolerance [80]. Despite the tendency to develop autoimmune 
disease, CSS episodes are yet to be reported in CD40/CD40L-deficient patients. 
This may suggest that CD40/CD40L co-activation is an important component of 
CSS physiology. Alternatively, independent of CD40, CD40L deficient B cells have 
demonstrated resistance to EBV lymphoblastic transformation, and may also be 
resistant to malignant transformation [81]. 


Ataxia—Telangiectasia 


Ataxia—telangiectasia (AT) is an autosomal recessive DNA repair disorder. AT is 
caused by mutations in the tumor suppressor gene ATM which encodes an epony- 
mous protein that stalls cell cycle progression upon detection of double-stranded 
DNA breaks [82, 83]. Absent ATM, VDJ recombination is highly inefficient, leading 
to a combined immunodeficiency [84]. ATM-deficient cells also accumulate somatic 
mutations, increasing the risk of malignant transformation. As a result, lymphomas 
and acute leukemias occur commonly in AT patients. HLH has also been reported in 
at least one AT patient infected with EBV and parvovirus infections [49]. 
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Dyskeratosis Congenita 


Dyskeratosis congenita (DC) describes a group of primary disorders caused by 
mutations in genes that maintain telomeres [85, 86]. DC patients present with dys- 
plastic nails, lacy reticular pigmentation of the upper chest and/or neck, and oral 
leukoplakia. Accelerated telomere shortening limits lymphocyte replicative lifespan 
causing progressive bone marrow failure and combined immunodeficiency [87]. 
Squamous cell carcinomas commonly occur in DC patients. HLH has also been 
reported in at least one DC patient infected with EBV [49]. 


Calcium and Magnesium Channel Defects 


Monogenic ion channel defects can present with cellular immunodeficiency and 
CSS episodes. One such disorder is caused by biallelic mutations in the gene encod- 
ing ORAITI, the pore subunit of the Calcium release activated channel (CRAC) [88]. 
ORAI1-deficient T cells, display altered calcium flux and attenuated cytotoxicity. 
CMV-infection associated HLH has been reported in an ORAI1-deficient patient 
[89]. Similarly, magnesium transporter (MAGT1) deficiency is an X-linked immu- 
nodeficiency with magnesium defect, Epstein-Barr virus infection, and neoplasia 
(XMEN). Absent magnesium flux through MAGT1, XMEN T cells cannot elimi- 
nate chronic EBV infections or EB V-associated tumors. A fatal episode of HLH was 
reported in an XMEN patient with chronic EBV infection. He succumbed shortly 
after HSCT [90, 91]. Finally, STIM1 deficiency is an autosomal recessive combined 
immunodeficiency caused by defective cellular store-operated calcium entry [92]. 
STIMI! deficient T cells proliferate poorly and produce few cytokines yet display 
normal cytotoxicity. Unlike ORAI] or MAGT1-deficient patients, CSS episodes 
have not been reported in STIM1-deficient patients [93]. 


Defects in Specific T-Helper Cell Subsets 


There are at least four commonly recognized subsets of CD4* T cells, each with a 
distinct cytokine expression profile and function. 

T41 cells assist with clearance of intracellular infections. They are characterized 
by expression of the transcription factor T-bet, are induced by IL-12, and produce 
IL-2, IFNy, and TNFa [94]. IFNy induces high and sustained IL-12 production by 
macrophages and dendritic cells, establishing a positive feedback loop known as the 
IL-12/IFNy axis. STAT1 serves the IFNy receptor. 

T42 cells mediate humoral immune responses. They are characterized by expres- 
sion of the transcription factor GATA3, are induced by IL-4, and produce IL-4, IL-5 
and IL-13 [95]. STAT6 serves the IL-4 receptor. 


Primary Immunodeficiencies and Cytokine Storm Syndromes 219 


Ty17 cells control fungal and bacterial infections at mucosal sites. They are 
characterized by expression of the transcription factor RORyt, are induced by 
TGFß, IL-6, IL-21, IL-1, and IL-23, and produce IL-17, IL-21, and IL-22 [94]. 
Upon detection of fungal pathogens, mucosal epithelial cells secrete IL-6 and 
IL-23 that bind to receptors on naive T cells and induce differentiation into Ty17 
cells. IL-17 licenses mucosal epithelial cells to secrete bactericidal particles, 
among other effector functions. 

Treg cells regulate/suppress other T-helper cell and CTL responses. They are 
characterized by expression of the transcription factor FOXP3, are induced by 
TGF and IL-2, and produce IL-10. IL-2 is critical to Treg function. CD25, the high 
affinity IL-2 receptor, is highly expressed on Tregs allowing these cells to act as 
IL-2 sinks [96]. 

Several PID phenotypes are categorized according to similar T helper cell-subset 
defects. 


Mendelian Susceptibility to Mycobacterial Disease 


There are several monogenic PIDs that manifest with a narrow infectious suscepti- 
bility to nonpathogenic mycobacteria, including the Bacillus Calmette—Guerin vac- 
cine strain. These disorders are collectively named Mendelian susceptibility to 
mycobacterial diseases (MSMD). MSMD genetic defects are primarily deleterious 
autosomal recessive mutations in genes encoding components of the IL-12/IFNy 
axis. For instance, patients that are IL-12 receptor deficient, IL-12 deficient, IFNy 
receptor deficient, and STAT 1 deficient have been identified [97, 98]. 

Given the importance of the IL-12/IFNy axis to mouse models of inflammatory 
disease, and the relative efficacy of anti-[FNy antibodies in treating human inflam- 
matory diseases [99—103], one might expect patients with MSMD to be resistant to 
CSS. Yet, CSS has been reported in IL-12 receptor, IFNy receptor, and STAT! defi- 
cient patients [104—106]. Although this may appear counter-intuitive, it is consistent 
with the mouse model of TLR9 agonist-induced CSS. In this model, both wild-type 
and IFNy-deficient mice develop CSS in the absence of IL-10 signaling [107], indi- 
cating that IFNy is not required for some aspects of CSS physiology. 


Chronic Mucocutaneous Candidiasis 


There are several monogenic PIDs that manifest with chronic mucocutaneous can- 
didiasis (CMC) of the nails, skin, oral cavity, and genital mucosae. About half of 
CMC patients harbor heterozygous STATI gain-of-function (GOF) mutations [108, 
109]. It is thought that increased STATI activity limits the signals from STAT3- 
dependent receptors like the IL-6R and IL-23R which are critical to Th17 cell devel- 
opment and function [108, 110, 111]. Despite the role of STAT] in the IL-12/IFNy 
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axis, STATI] gain-of-function patients appear to develop CSS episodes less fre- 
quently than MSMD patients; a 2016 review of 274 immune-deficient STAT] gain- 
of-function patients uncovered only one with a HLH/CSS history [112]. 

CMC is also a common finding in autosomal dominant hyper-IgE syndrome, a 
disease caused by heterozygous loss-of-function STAT3 mutations. As STAT3 
serves the IL-6 receptor, and IL-6 is considered a key CSS mediator, it is interesting 
that at least one patient carrying a loss of function STAT3 mutation experienced a 
CSS episode secondary to Histoplasmosis [113]. Similarly, CSS episodes have not 
been yet described in the growing number of patients carrying heterozygous STAT3 
gain-of-function mutations [114, 115]. Both observations suggest IL-6 may be 
expendable in CSS physiology. 


T Regulatory Cells 


There are several monogenic PIDs that manifest with immune dysregulation due to 
Treg deficiency. The prototypical Treg disorder is immune dysregulation, polyendo- 
crinopathy, enteropathy, X-linked (IPEX) syndrome. IPEX syndrome is caused by 
deleterious mutations in the gene encoding FOXP3—the master Treg transcriptional 
regulator [116, 117]. FOXP3 expression is driven by IL-2 through the high-affinity 
heterodimeric IL-2 receptor comprised of IL-2RA and [L-2RG. The receptor is ser- 
viced by STATSb. IL-2RA and STAT5b deficient patients also present with an 
IPEX-like disease [118, 119]. 

Many IPEX and IPEX-like patients develop symptoms of autoimmune disease in 
utero that become apparent shortly after birth. The most common IPEX disease 
features include severe diarrhea and failure to thrive, diabetes mellitus, eczema, 
hemolytic anemia, autoimmune thrombocytopenia, and hypothyroidism [118, 120]. 
Considering the dramatic autoimmune phenotype, the immunodeficiency associ- 
ated with these conditions is comparably mild, but often exaggerated by immune 
suppressive therapy. HSCT offers a potential cure for IPEX patients yet, unfortu- 
nately, in the IPEX context, the procedure has been associated with significant mor- 
bidity and mortality [121]. Without HCST, patients succumb during childhood to 
infectious disease. 

There is evidence from animal models suggesting that functional Tregs may pre- 
vent CSS episodes by acting as IL-2 sinks. When lymphocytic choriomeningitis virus 
(LCMV) infected perforin-deficient mice develop HLH, Treg frequencies decreases 
leaving excess free IL-2 to activate CTLs. Similarly, transient Treg deficiencies have 
also been noted in HLH patients early in CSS episodes. Despite these interesting 
observations, there is only one report of a CSS episode in an IPEX patient, and it 
occurred 29 months after a fully engrafted HSCT [121]. Given the paucity of cases, 
the importance of Tregs in preventing CSS episodes remains unclear at this time. 
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B Cell Defects 


Undifferentiated CVID 


Common Variable Immunodeficiency is the most common, clinically significant 
immunodeficiency. CVID onset typically occurs after four years of age and can 
develop in adult patients. Characterized by a deficiency in antibody production, 
CVID is a genetically heterogeneous group of disorders that, unlike the majority of 
PIDs, is likely largely polygenic in nature. Monogenic causes currently account for 
approximately 20% of patients. In addition to infection susceptibility, CVID is com- 
plicated by autoimmune and lymphoproliferative complications [34, 122]. 

CVID-associated CSS episodes have primary been reported in CTLA-4 deficient 
patients (discussed above) or in undifferentiated CVID patients who lack a specific 
genetic diagnosis. Notably, several CSS cases have been reported in undifferentiated 
male CVID patients affected by EBV infections or lymphoma [123, 124]. Given 
these reoccurring features and the absence of molecular diagnoses, alternative 
X-linked diagnoses such as combined immune deficiencies or lymphoproliferative 
disorders, may better explain the CSS episodes in these patients. 


X-Linked Agammaglobulinemia 


X-linked agammaglobulinemia (XLA) patients are absent B cells and hypogamma- 
globulinemic. XLA is caused by deleterious mutations in the gene encoding 
Bruton’s tyrosine kinase (BTK) [125-128]. BTK is critical for B cell receptor 
(BCR) signaling, and essential to B cell development [129]. XLA patients are pre- 
disposed to sinopulmonary infections and enteroviral meningoencephalitis [130]. 
BTK has been shown to interact with MyD88 and TRIF to promote TLR signaling, 
providing an additional mechanism by which BTK may provide protection against 
disseminated enteroviral infections [131]. 

CSS episodes do not occur commonly in XLA, but have been reported in two 
brothers who developed HLH [132]. One brother was treated with dexamethasone, 
cyclosporine, and etoposide. He succumbed to his disease. Adenovirus was identified 
in the bronchoalveolar lavage fluid of the second brother. He was successfully 
treated with cidofovir and IVIG. These two cases emphasize the importance of 
identifying the trigger of CSS episodes, and tailoring therapy accordingly. 
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Granulocyte and Other Innate Defects 


Chronic Granulomatous Disease 


Chronic granulomatous disease (CGD) encompass X-linked and autosomal recessive 
inherited deficiencies of NADPH oxidase components [133, 134]. NADPH oxidase 
mediates the oxidative burst, a process used by phagocytes to destroy engulfed 
microbes [135]. CGD patients are particularly susceptible to bacterial and fungal 
infections of the lung, skin, and lymph nodes. Catalase, which counters oxidative 
burst stress, is expressed by many organisms infecting CGD patients including S. 
aureus, Aspergillus species, B. cepacia, S. marcescens, and Nocardia spp. [136, 137]. 
CGD is traditionally managed with antimicrobial prophylaxis alone [138, 139], 
although HSCT is now becoming a preferred therapeutic modality [140]. 

CGD patients can develop inflammatory and autoimmune complications includ- 
ing inflammatory bowel disease, lupus, and arthritis [141]. They also can experience 
CSS episodes. Many HLH cases have been reported in CGD patients, typically in 
the context of infections [49, 142—144]. Without the ability to kill engulfed microbes, 
CGD phagocytes are continuously activated resulting in a state of systemic 
hyper-inflammation associated with elevated IL-1, IL-6, and TNFa concentrations 
[145]. Given this suspected pathophysiology, steroids and high-dose IVIG have 
been added to targeted antibiotic therapies to treat CGD-associated CSS episodes 
with good effect [143, 146]. Treatment with the IL-1 receptor antagonist, anakinra, 
may also be a beneficial adjuvant therapy [145]. 


GATA Binding Protein 2 Deficiency 


Heterozygous germ line mutations in the gene encoding GATA2 have been associated 
with a broad phenotype, including myelodysplasia, congenital deafness, and lymph- 
edema (classically termed Emberger syndrome), and convey an increased risk of 
developing myelodysplastic syndrome/acute myeloid leukemia [147]. GATA2 is a 
zinc-finger transcription factor that controls early erythroid development, thrombo- 
poiesis, and myeloid/monocytic/dendritic cell maturation. GATA2-haploinsufficient 
patients may be specifically monocytopenic, and present with MSMD [148]. They 
may also be congenitally neutropenic [149]; demonstrate aplastic anemia [150]; or 
display isolated B-cell immunodeficiency [151]. Finally, GATA2-deficient patients 
can lack dendritic cells, monocytes, B cells, and NK cells, and present with recurrent 
EBV infection, EBV-associated lymphomas, and HLH [152, 153]. 
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MyD88 and IRA K4 Deficiency 


MyD88 deficiency and IRAK4 deficiency are autosomal recessive innate immunode- 
ficiencies. Like NEMO, IRAK4 and MyD88 mediate TLR and interleukin-1 recep- 
tor-mediated immunity, but they have a comparatively more limited role in adaptive 
immunity [154-157]. Accordingly, MyD88 deficient and IRAK4 deficient children 
struggle with invasive and noninvasive bacterial infections until they can develop 
adaptive immunological memory. Subsequently, infections typically cease. 
Whereas Unc13d deficient mice, which exhibit impaired NK and CD8(+) T cells 
cytotoxicity, develop CSS with LCMV infection, Uncl3d/MyD88 double knockout 
mice do not [158]. Consistent with this animal model, CSS episodes have not been 
described in MyD88 or IRAK4 deficient patients. Together, these observations sug- 
gest that chronic innate immune system activation by recognition of persistent 
pathogen-associated molecular patterns may be key drivers of CSS physiology. 


Conclusion 


PIDs featuring impaired cytotoxic function and/or a lymphoproliferative proclivity are 
often complicated by CSS episodes. Additionally, tumors and pathogens that thrive in 
the altered environment provided by PID patients may present insurmountable antigenic 
challenges that provoke systemic inflammatory events. Compared with the immune 
competent host, establishing the underlying immunologic defect in PID patients is criti- 
cal to understanding the cause and therefore the best treatment of CSS episodes. 
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The ability of infectious agents to trigger cytokine storm syndromes (CSS) was first 
reported in 1979, with the recognition of a series of cases of hemophagocytic lym- 
phohistiocytosis (HLH) with apparent viral triggers [1]. Notably, in this this series, 
14 of the 15 cases with viral triggers were associated with members of the 
Herpesviridae family, also known as the herpesviruses. In the nearly 40 years since, 
it remains evident that the herpesviruses, particularly Epstein-Barr Virus (EBV, dis- 
cussed in a separate chapter), cytomegalovirus (CMV), herpes-simplex virus (HSV), 
and human herpesvirus 6 and 8 (HHV-6, HHV-8) are clearly associated with trigger- 
ing primary or secondary HLH (pHLH or sHLH, respectively). A causal association 
is often difficult to prove, however, particularly in light of the known propensity of 
latent herpesviruses to reactivate in settings of systemic stress. In this chapter, 
the clinical aspects of herpesvirus-associated CSS will be discussed, along with the 
current state of our understanding of the pathogenesis of—and specific genetic 
lesions predisposing to—herpesvirus-associated CSS. 


Pathogenesis, Clinical Features, and Treatment 


The specific molecular pathways that link non-EBV herpesvirus infection with CSS 
are yet to be elucidated. One defining feature of herpesviruses is their ability to 
modulate and evade the immune response and establish latent infection in the host. 
It stands to reason, therefore, that these same immunomodulatory features may, in 
certain situations or in susceptible hosts, lead to dysregulated inflammation and 
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cytokine storm syndromes. Recent murine models suggest that chronic and exces- 
sive Toll-like receptor (TLR) stimulation, as may be present during chronic herpes- 
virus infection, is associated with the development of CSS [2]. In addition, the 
proven ability of the herpesviruses to interfere with natural killer cell or T-cell cyto- 
toxic activity may predispose the host to CSS [3, 4]. Additional mechanisms such as 
molecular mimicry targeting cytokines and signaling pathways, as well as inhibition 
of apoptotic pathways, have also been proposed [5], and future work is needed to 
elucidate these complex pathways. 

The clinical features of CSS are complex and variable, and diagnosis is frequently 
challenging (see chapters “Clinical Features of Cytokine Storm Syndrome” and 
“Criteria for Cytokine Storm Syndromes”). There are no specific or unique clinical 
features of CSS triggered by herpesviruses. The identification of active or recent 
herpesvirus infection in the setting of a clinical syndrome consistent with CSS, 
however, is often illuminating given the strong association of these viruses with 
CSS. While often useful in securing the diagnosis of CSS, the identification of 
herpesviral infection does not distinguish between primary or secondary CSS, as 
pCSS can be triggered by herpesvirus infection [6], particularly in infants [7]. 

While most commonly reported in the pediatric literature, herpesviruses- 
associated CSS is frequently reported in adults as well. In a recent cohort at a large 
medical center, 73 adult patients met full diagnostic criteria for HLH, of which 41% 
were associated with infections as a presumed trigger. Of these cases, herpesvirus 
infection was the most common infectious trigger identified (9/30 cases) [8]. It is 
overall estimated that non-EBV herpesviruses represent approximately 20% of 
HLH cases with an infectious trigger in adults, with CMV being the most frequently 
associated [9]. Identification of a triggering infectious agent, if present, is important 
for the management of CSS. Primary herpesvirus infection is most common in pedi- 
atric patients and immunocompetent hosts, whereas reactivation of chronic EBV or 
CMV infection is most common in immunocompromised adults. In the latter case, 
quantitative PCR from serum may be useful as serology is typically unhelpful in 
these cases. 

No randomized controlled trials for the treatment of viral-triggered CSS exist. For 
cases proven or suspected to be triggered by a herpesvirus, most experts recommend 
appropriate antiviral therapy if available. Importantly, however, the treatment is not 
limited to pathogen-directed therapy. Immunomodulation and other CSS-specific 
supportive care (See chapter “Alternative Therapies for Cytokine Storm Syndromes”) 
is critical, as cases typically do not resolve with antiviral therapy alone [10]. 

Intravenous immunoglobulin therapy has been investigated for use in cases of 
viral-triggered CSS. One small series showed apparent benefit in a case of CMV- 
triggered HLH [11], while a larger series of 17 patients with EBV- or HHV-6- 
associated HLH received IVIG or etoposide therapy [12]. Both modalities appeared 
effective in improving outcomes, and two of nine patients developed sustained com- 
plete response with IVIG therapy alone. Many experts recommend that for CSS 
triggered by herpesviruses, the potential benefits of IVIG therapy likely outweigh 
the risks [13]. 
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Non-EBV Herpesviruses in CSS 


Cytomegalovirus 


Cytomegalovirus (CMV) is second only to EBV in frequency of reports as an infec- 
tious trigger of cytokine storm syndromes. The majority of humans have been 
infected by CMV by the age of six [14]. Similar to EBV, CMV infection persists for 
the life of the host (residing latent in a variety of organs such as the lungs, spleen, 
salivary glands, and especially within myeloid progenitor cells in bone marrow), 
and can reactivate in settings of immune suppression or settings of acute systemic 
Stress such as critical illness [15, 16]. CMV has been associated with CSS in chil- 
dren and adults, as a trigger of both primary and secondary CSS, and following 
either primary infection or reactivation of latent disease. Identification of CMV in 
the blood (by culture, antigen detection, or PCR) is more suggestive of true disease 
(and, therefore, of a potential trigger for CSS), as the virus may be shed in the urine 
for months in the absence of clinical disease, potentially confounding the interpreta- 
tion of CMV viruria/antigenuria [17, 18]. 

Many of the reported cases and series of CMV-associated CSS involve viral reac- 
tivation during immune suppressed states. A wide variety of immune-suppressing 
states have been implicated, including Inflammatory bowel disease [19], solid organ 
transplantation in both adults and children [20, 21], and rheumatologic disease [22]. 

The prognosis of CMV-associated CSS, as with most other cytokine storm syn- 
dromes, is traditionally poor, though recent reports indicate improved outcomes with 
modern supportive care and therapeutics. One series of infants with HLH in Japan 
included five children with CMV-associated HLH, four of whom did not survive 
[23]. Recently, there are reported cases of excellent outcomes with a combination of 
ganciclovir (an antiviral medication that inhibits viral DNA polymerase) and [VIG 
therapy for CMV-associated CSS, including in a very young child (5 months old) 
[24]. IVIG alone [25] or ganciclovir alone [19] has also been reported to lead to 
favorable outcomes. Foscarnet, a DNA polymerase inhibitor often used in acyclovir 
or ganciclovir-resistant infections, has also been used with success for CMV- 
associated HLH, in combination with corticosteroids or ganciclovir [26, 27]. 


Human Herpes Virus 8 


Human herpesvirus-8 (HHV-8) is clearly implicated in numerous reported cases of 
CSS, though much less frequently than EBV or CMV. Following primary infection, 
HHV-8 establishes lifelong latency (primarily within CD19 B cells), and the virus is 
perhaps more notable for its propensity to cause lymphomas and other malignancies 
(e.g., Kaposi sarcoma). The majority of reported cases of HHV-8 associated CSS 
occurred in the setting of immunocompromise, most commonly HIV (especially 
with associated Kaposi sarcoma) or solid organ transplantation. Multicentric 
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Castleman disease, a lymphoproliferative disorder strongly associated with HHV-8 
(especially in the setting of HIV coinfection) has also been associated with CSS. One 
recent report described a 61 year-old immunocompetent man who developed HHV-8 
associated HLH in the setting of multicentric Castleman disease, which was unfortu- 
nately fatal. HHV-8 was also implicated in a case of female triplets, two of which 
developed HLH (one at age 4 months, the other at age 6 months) [28]. The two 
infants had identical mutations in the Perforin pathway, as well as proven HHV-8 
infection triggering HLH. This case serves as an instructive example of herpesviral 
infection triggering primary CSS with a clear genetic susceptibility. 

The overall outcomes in the reported cases of HHV-8 associated CSS have been 
fair. Several patients have recovered with an etoposide-containing regimen [29]; one 
reported patient recovered after treatment with foscarnet plus doxorubicin [30]. 
Current literature would suggest potential benefit from either an etoposide- 
containing or with antiviral therapy in addition to supportive care. The HLH-94 
regimen (etoposide, corticosteroids, cyclosporin A, followed by bone marrow trans- 
plant) was employed in the case of triplets with HHV-8 associated HLH, with favor- 
able outcome [31]. 


Herpes Simplex Virus 


Like all members of the Herpesviridae family, Herpes simplex virus types 1 and 2 
(HSV-1 and HSV-2) establish lifelong latency following primary infection, residing 
primarily in sensory neural ganglia. Much like HHV-8, the majority of cases of 
Herpes simplex virus (HSV)-associated CSS occur in immunocompromised hosts. 
Reported cases of CSS triggered by HSV involve underlying comorbidities such as 
autoimmune/rheumatologic diseases with concomitant immunomodulatory therapy 
[32, 33], bone marrow failure syndromes [34], or primary immunodeficiencies [35]. 

Cytokine storm syndromes are associated with both primary HSV infection as 
well as reactivated disease, even in immunocompetent hosts [36]. One high risk 
group appears to be pregnant women with genital herpetic lesions, in whom there 
are numerous reported cases of HSV-triggered CSS [37-39]. 

As with CSS triggered by the other herpesviruses, treatment typically involves 
CSS-specific supportive care, often with the addition of antiviral therapy, most com- 
monly acyclovir. 


Herpesviral Infection and CSS in Specific Clinical Scenarios 


Neonatal HSV Infection and Possible HLH 


One area of significant current controversy regarding herpesvirus-associated CSS is 
that of neonatal disseminated HSV infection and its possible role in triggering 
HLH. The large majority of putative cases of neonatal HSV-associated HLH 
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reported in the literature do not involve the definitive diagnosis of HLH. In many 
cases, the diagnosis 1s presumed based on a markedly elevated ferritin level, and the 
association of high ferritin with HLH in pediatrics [40]. This study concluded that a 
ferritin level >10,000 pg/L was 96% specific for HLH, although only 10 of the 330 
patients in this study were confirmed to have HLH and there were no cases of dis- 
seminated neonatal HSV in the comparator group. Further, there are no published 
studies of typical ferritin levels in cases of disseminated HSV with severe hepatic 
involvement. 

Some reported cases of neonatal HSV-associated CSS involve a diagnosis 
that was based on suggestive findings such as hemophagocytosis on bone marrow 
aspirate or elevated circulating Interleukin-2 receptor alpha (IL-2R, CD25) levels. 
The presence of hemophagocytosis is neither sensitive nor specific for HLH [41], 
however, and is generally considered a weaker diagnostic criterion [13]. Elevated 
soluble CD25 levels are also associated simply with severe systemic inflammation 
and are not specific to HLH [42, 43]. It is also known that that fever, hypertriglyceri- 
demia, and neutropenia were unreliable markers in newborns, thus making HLH 
diagnosis in this population even more challenging [44]. 

One recent case series reported three cases of neonatal HSV with massive hyper- 
ferritinemia which were initially diagnosed as presumed HSV-associated HLH con- 
sistent with previous literature [45]. In each of these cases, however, definitive 
diagnosis was never secured (e.g., no genetic lesions were identified), and the 
hyperferritinemia may have been due to hepatocyte destruction from disseminated 
HSV disease rather than extreme inflammation from concomitant HLH, as ferritin 
levels correlated closely with transaminase values for all three patients. Importantly, 
one of the subjects in this series died of an infectious complication of the immuno- 
modulatory regimen that was initiated for presumed HLH. This emphasizes that the 
diagnosis of CSS should be very carefully considered in the neonate in general, and 
in the setting of disseminated HSV infection in particular. Early molecular diagno- 
sis is recommended given the risks of immunosuppressive therapy, especially in the 
setting of systemic infection [13]. Overall, expert guidance indicates that immuno- 
suppression should be used only with careful consideration in cases of disseminated 
HSV with possible associated CSS, as it remains unclear whether these cases repre- 
sent HSV infection alone, or secondary HLH following HSV infection (for which 
treatment with antiviral therapy may be sufficient). 


Herpesviral Infection and pHLH 


The association between herpesviral infection and genetic predisposition to CSS 
(also referred to as pHLH) was first defined through investigation of severe EBV 
infection in a multigenerational kindred of males followed by subsequent genetic 
analysis [46, 47] (see chapter “Cytokine Storm Syndromes Associated with Epstein- 
Barr Virus”). To date, despite ten genetic defects having been shown to impart 
increased risk for HLH, virus-specific associations between non-EBV 


240 D. Dulek and I. Thomsen 


herpesviruses and specific genetic etiologies of pHLH have not been described. 
Several cases and case series of herpesviral infection associated with pHLH are 
reported in the literature (Table 1). Analysis of these cases and detection of future 
cases such as these holds potential for further understanding of herpesviral CSS/ 
SHLH. 

Three cases of HHV-8 infection have been detected in the setting of pHLH 
[28, 48] (Table 1). Two of these cases were in female infants of a triplet gestation in 
whom compound heterozygous mutations in PRFI were identified [28]. The first 
infant presented at 4 months of age with hepatosplenomegaly, anemia, leukopenia, 
thrombocytopenia, and elevated ferritin with hemophagocytosis noted in her bone 
marrow biopsy. HHV-8 PCR was positive from whole blood PCR but negative in 
cerebrospinal fluid (CSF). No other infectious triggers were identified. Genetic test- 
ing following illness onset revealed compound heterozygous mutations in PRFJ/. 
The second infant of this triplet gestation was found to have the same PRF/ muta- 
tions as her sister but was asymptomatic until 6 months of age when she developed 
persistent fevers, hepatomegaly, neutropenia, thrombocytopenia, elevated ferritin, 
and bone marrow hemophagocytosis. HHV-8 PCR from her CSF was positive. In 
both infants, NK cell perforin expression was absent and NK cell target killing was 
significantly impaired. Both infants responded well to etoposide, dexamethasone, 
and cyclosporine therapy. There is no report of whether they required further therapy 
or underwent subsequent hematopoietic stem cell transplant (HSCT) [28]. 

In a separate case, a 2.5-year-old boy presented with night sweats and macular 
rash followed by persistent fever and diffuse lymphadenopathy [48] (Table 1). 
Hepatosplenomegaly, anemia, and thrombocytopenia were noted along with ele- 
vated ferritin. HHV-8 DNA was detected by PCR from peripheral blood mononu- 
clear cells (PBMCs) and bone marrow. HHV-6 viremia was also documented with 
quantitative PCR showing 13,110 copies/mL in the plasma and 9685 copies/10° 
cells in PBMCs. The authors reached a diagnosis of X-linked lymphoproliferative 


Table 1 Non-EBV Herpesvirus infections associated with pHLH 


Year published | Publication Other infection | Treatment/ 
(Reference) type Virus | Age | Affected gene | history outcome 
2005 [26] Case series | HHV- |4m |PRFI None Tx: HLH-94 
n=2Z 8 6m Both survived 
2012 [46] Case report | HHV- | 2.5y | Absent SAP none TX: 
8 expression; HLH-2004 
nai No mutation Survived 
identified 
2014 [48] Prospective | HHV- | 2y |SH2DIA Not reported RIC-HCT 
cohort 6 
n= 1 Outcome not 
reported 
2016 [33] Case report | HSV- | 18y | GATA2 Blastomyces Death 


| 1 dermatitidis 
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disorder in this patient by demonstrating absent SAP expression in activated T and 
NK cells. Interestingly, no mutations in SH2D/A, BIRC4, or PRFI were identified 
by “mutation analysis.” This patient was treated with etoposide, dexamethasone, 
and cyclosporine with full clinical response. 

There is one additional allusion to HHV-6 detection associated with lymphopro- 
liferation in the setting of XLP due to SAP deficiency. Very little HHV-6 related 
information is given in this case as the study was mechanistic rather than descriptive 
[49]. A second case of HHV-6 associated HLH in an XLP patient noted in a separate 
study though this may be the same patient [50]. 

GATA2 deficiency has been associated with HS V-1-induced HLH in one reported 
case [35] (Table 1). This patient presented at 18 years of age with fevers and head- 
ache and developed pancytopenia, transaminase elevation, markedly elevated ferri- 
tin, and hypofibrinogenemia with hypotension. She progressed to cardiac arrest and 
death despite broad spectrum antimicrobial treatment. HSV-1 DNA was detected in 
her blood prior to death and disseminated HSV-1 infection involving lungs and liver 
was diagnosed on autopsy. Due to a prior history of lymphedema, NK-cell dysfunc- 
tion, as well as pneumonia due to Blastomyces dermatitidis, GATA2 deficiency was 
suspected and genetic testing demonstrated a GATA2 frameshift mutation [35]. 

To the best of our knowledge, the above cases represent the known literature for 
non-EBV herpesviral infection in the setting of known or subsequently diagnosed 
pHLH. Literature search using known pHLH-associated genes/gene products along 
with non-EBV herpesviruses did not reveal further cases. Attention to thorough 
evaluation for viral triggers, including herpesviruses, in the setting of known or 
potential pHLH is critical for identifying possible novel associations. 


Herpesviral Infection and CSS in Immunocompromised Patients 


As noted previously, CSS associated with non-EBV herpesvirus infection most fre- 
quently occurs in the setting of underlying immunocompromised states. Though 
some of this literature has been reviewed above, we will review here relevant 
English-language literature regarding non-EBV herpesvirus-associated CSS in the 
context of specific categories of immune-compromise with attention to treatment, 
outcomes, and potential viral associations. Recognizing the limitations of interpre- 
tations of accumulated case reports and small case series, we will point out potential 
trends and associations that merit further evaluation in future studies. Though little 
to no true incidence data is available for the frequency of CSS occurrence in each of 
these settings, the greatest number of cases is reported in two settings—underlying 
hematologic/oncologic/HSCT diagnosis (Table 2) and patients with iatrogenic 
immunosuppression due to autoimmune/autoinflammatory disease (Table 3). In this 
latter patient group, it is difficult to distinguish the relative contributions of immu- 
nosuppression and underlying disease in the predisposition to CSS. 

Four recent single or multicenter studies have accumulated data related to 
HLH which provides insight into the relative incidence of specific etiologies of 
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virus-associated HLH. In one recent single-institution series of 35 adult onset HLH 
patients, three-quarters of patients had an underlying hematologic diagnosis whereas 
11% of patients had an underlying auto1mmune/autoinflammatory disease [53]. 
In this series, EBV was the most frequently associated virus (28.6%) but was closely 
followed by CMV (22.9%) and HHV8 (17.1%). In a multicenter study of 162 adult 
HLH patients with infectious triggers, half of patients had a diagnosis of HIV and 
roughly one third of patients were immunocompromised for other reasons [52]. Of 
the patients with 17 patients with viral HLH triggers, 11 patients had CMV detected, 
three had EBV detection, and HHV-8 and HSV-2 were detected in two and one 
patient, respectively. 

Non-EBV herpesvirus-associated CSS in patients with hematologic/oncologic/ 
HSCT diagnoses is relatively frequently reported. Cases of each of the herpesvi- 
ruses associated with CSS can be found in the literature (Table 2). No large prospec- 
tive series exist for this patient population. Given the attention given to prophylaxis 
(HSV, VZV) and close monitoring/prophylaxis (CMV) in this patient population, it 
is likely that cases of non-EBV herpesvirus-associated CSS are prevented through 
these strategies. HS V-2 and VZV associated CSS are reported in three total patients; 
one patient with an undifferentiated bone marrow failure syndrome [34] and two 
patients with GVHD following HSCT for AML [58]. Two of these three patients 
did not survive CSS. CMV-associated CSS is reported in three patients with ALL 
[54, 59], two patients with aplastic anemia [60], one patient with multiple myeloma 
[60], and one patient with Hodgkin lymphoma [62]. HHV-6 and HHV-8 in patients 
with hematologic/oncologic/HSCT diagnoses occurred in patients with diagnoses 
of nephroblastomatosis, autoimmune hemolytic anemia, and multicentric Castleman 
disease (Table 2). 

When the diagnosis of herpesviral-associated CSS was made antemortem, anti- 
viral therapy was generally administered as part of the therapeutic approach. In 
several cases corticosteroids and/or IVIG were administered along with antivirals 
though data is too limited to comment on outcomes related to therapeutic approach. 
Outcomes following CSS diagnosis in these patients were poor with 50% mortality 
for reported in those patients for whom data was available. There was a potential 
trend towards improved survival in young pediatric patients compared to teenagers 
and adults (Table 2). 

Patients with iatrogenic immunosuppression secondary to autoimmune or auto- 
inflammatory diseases are also reported to develop CSS in association with non- 
EBV herpesvirus infection (Table 3). Underlying diagnoses range from inflammatory 
bowel disease, to neurologic autoimmune disease, to rheumatologic diagnoses. 
Notably, the majority of reported CSS cases in these patients were associated with 
CMV [19, 22, 27, 61, 63, 64, 66-68]. Identification of CMV in these cases led to 
antiviral treatment and outcomes were good with only one reported patient dying as 
a result of their CMV-associated CSS [67]. In contrast, one patient with HSV-2- 
associated CSS died, though HSV-2 was not identified until postmortem evaluation 
and antiviral therapy was not administered [33]. 
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Table 3 Non-EBV Herpesvirus infections associated with CSS in the setting of autoimmune/ 
autoinflammatory disease 


Year # Underlying | Treatment/ 
published | Virus | patients | Age Immunosuppression | diagnosis outcome 
2006 [17] | CMV | 1 22 years | Infliximab Crohn Ganciclovir, 
6-MP disease splenectomy; pt 
survived 
2011 [60] | CMV | 1 32 years | Azathioprine Crohn Ganciclovir; pt 
disease survived 
2011 [25] | CMV | 2 32 years | Azathioprine (both) | Ulcerative Ganciclovir (both); 
colitis; 
Crohn Both survived 
disease 
2013 [61] | CMV | 1 52 years | None Ulcerative Ganciclovir; 
colitis survived 
Neurologic autoimmune disease 
2014 [62] | CMV | 1 47 years | Azathioprine, Myasthenia | Etoposide, 
corticosteroids gravis dexamethasone, 
valganciclovir; 
survived 
2016 [31] | HSV2 | 1 56 years | Fingolimod, Multiple None; pt died 
corticosteroids sclerosis 
Rheumatologic disease 
2002 [63] | CMV | 1 44y Corticosteroids, SLE CMV-Ig, 
cyclophosphamide ganciclovir, 
corticosteroids; pt 
died 
2005 [20] | CMV | 1 80y Corticosteroids Adult-onset | Ganciclovir; pt 
Still disease | survived 
2008 [64] | CMV | 1 58 years | Corticosteroids, SLE Ganciclovir; 
azathioprine survived 
2010 [30] | HSV- | 1 57 years | Azathioprine, Wegener/ Corticosteroids, 
l prednisone GPA etoposide, IVIG; 
survived 
2015 [65] | VZV 1 5 years | Corticosteroids HSP Acyclovir, IVIG, 
plasma exchange; 
survived 
2017 [66] | CMV |1 70 years | None Sjogren Acyclovir, 
syndrome corticosteroids, 
cyclosporine; 
survived 


Fewer cases of CSS associated with non-EB V herpesviruses are reported in solid 
organ transplant patients (Table 4). Cases include patients with CMV, HHV-6, and 
HHV-8 [21, 69-73] with a notable absence of reported cases of HSV or VZV- 
associated CSS in this population. Outcomes were mixed with some patients 
responding to antiviral treatment and/or chemotherapy and others succumbing. Few 
conclusions can be drawn from this small series of cases. 
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Table 4 Non-EBV herpesvirus infections associated with CSS in the setting of solid organ 
transplantation 


Year # Underlying 
published | Virus | patients | Age Immunosuppression | diagnosis | Treatment/outcome 
2002 HHV- | 1 61 years | Cyclosporine, Kidney IVIG, reduced 
[69] 8 corticosteroids transplant, | immunosuppression, 
Kaposi foscarnet, 
sarcoma daunorubicin; pt 
survived 
2006 CMV | 2 46 years | Cyclosporine, Kidney 1: Ganciclovir; pt 
[70] azathioprine transplant | died 
28 years 2: Ganciclovir, 
IVIG; pt died 
2006 CMV | 1 27 months | Tacrolimus, Liver Ganciclovir; pt 
[21] azathioprine, transplant | survived 
corticosteroids 
2008 HHV- | 1 49 years | Basiliximab, Liver/ No therapy; pt died 
[71] 6 cyclosporine, kidney 
mycophenolate, transplant 
corticosteroids 
2016 HHV- | 1 66 years | Tacrolimus, Liver Immunosuppression 
[72] 8 mycophenolate, transplant | decrease, 
prednisone ganciclovir, 
corticosteroids, 
rituximab, 
cyclophosphamide; 
pt died 
2017 HHV- | 1 39 years | Tacrolimus Liver/ Cidofovir; 
[73] 8 kidney foscarnet+ 
transplant | rituximab; 
corticosteroids+ 
rituximab; 
foscarnet+rituximab; 


pt survived 


Non-EBV herpesvirus-associated CSS in HIV patients is unique in that there is 


a clear association between HIV/AIDS and CSS due to HHV-8 (Table 5). The first 
such report was published in 1998 from a patient with AIDS and Kaposi Sarcoma 
(KS) who developed significant hepatosplenomegaly in association with cytope- 
nias. HHV-8 DNA was detected by PCR of peripheral blood mononuclear cells, 
lymph node tissue, colonic tissue, and bronchoalveolar lavage fluid. Antiviral treat- 
ment, along with therapy for his underlying KS, resolved his HHV-8 viremia and 
antiretroviral therapy resulted in a good outcome [74]. Since that initial report, sev- 
eral other cases of HHV-8-associated CSS have been reported in the literature. 
Generally, these have been associated with high viral loads and marked CD4 T cell 
count suppression (Table 5). More recently, in two larger series of patients, this 
association between CSS and HHV-8 in HIV-positive patients has been described as 
“Kaposi sarcoma-associated herpesvirus inflammatory cytokine syndrome” (KICS) 
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Table 5 Non-EBV Herpesvirus infections associated with CSS in the setting of HIV/AIDS 


CD4 count 
(cells/uL) 
HIV viral | Other 
Year load (VL) | concurrent 
published # (copies/ infections or 
(Reference) | Virus | patients | Age mL) malignancy | Treatment/outcome 
1998 [74] HHV- | 1 28 years | CD4: 204 | KS Foscarnet, ART, 
8 VL: NR vincristine, daunoxome; 
pt survived 
2000 [75] HHV- | 1 38 years | CD4: 94 PEL Ganciclovir, vincristine, 
8 VL: NR cyclophosphamide, 
corticosteroids; pt died 
2003 [76] HHV- |5 NR CD4: KS,n=4 Treatment NR 
8 165-234 
VL: MCD, n=3 | Survived, n = 3 
50—25,000 
2007 [77] HHV- | 1 45 years | CD4: 64 KS, MCD Corticosteroids, 
8, VL: ganciclovir, 
EBV’ >] x 105 cyclophosphamide; pt 
died 
2009 [78] HHV- |1 39 years | CD4: 16 KS Foscarnet, ART, 
8, VL: corticosteroids, 
CMV” 1.3 x 10° doxorubicin; pt survived 
2010 [79] HHV- | 6 38 years? | CD4°: 255 | KS,n =3 Treatment NR; n = 3 
8 VL°=4650 died 
2013 [80] CMV |I 29 years |CD4: 120 | None Foscarnet, ganciclovir; 
VL: 2 x 105 pt survived 
2016 [81] HHV- |10 36 years? | CD4°: 88 | KS,n=6 Treatment NR; n = 6 pts 
8 VL*: 72 died 


Abbreviations: KS Kaposi sarcoma, ART antiretroviral therapy, MCD multicentric Castleman 
disease, NR not reported, PEL primary effusion lymphoma 

“EBV diagnosed by PCR of lymphoid tissue 

ÞCMV viral load was at the lower limit of detection 

Values provided are medians 


[79, 81]. Uldrich et al. first identified 10 HIV-positive patients with Kaposi Sarcoma 
or HHV-8 viremia but without evidence of multicentric Castleman disease (MCD). 
Patients with KICS had higher virally expressed serum IL-6 (vIL-6) levels than 
patients with HHV-8 associated MCD or patients with KS alone [79]. Subsequently, 
a similar syndrome was defined prospectively in a distinct cohort of 10 patients with 
KICS [81]. In this cohort, subjects with KICS had higher human IL-6 expression 
compared to controls with or without active HIV viremia. Unlike the prior study, 
differences in vIL-6 were not noted between KICS and control patients. Thus, 
HHV-8 associated CSS has a unique association with HIV-infection with or without 
associated HHV-8 tumors. Mortality in these patients is high and further study is 
warranted to better understand the pathogenesis of this association. 
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Conclusions 


Herpesvirus infection plays a significant role in the etiology and pathogenesis of 
CSS. Despite the clear association of most members of the herpesvirus family with 
CSS, the specific factors responsible for this relationship remain unclear. All mem- 
bers of the herpesvirus family establish lifelong latent infection in the host, and the 
related balance of host control of a persistent pathogen may confer risk of immune 
dysregulation in the setting of reactivation. Unique aspects of non-EB V herpesvirus 
immunopathogenesis provide insight into the pathways of aberrant inflammation 
that contribute to CSS in both immune-competent and immunocompromised 
patients. Laboratory evaluation for evidence of primary or reactivated herpesviral 
infection in the setting of CSS provides opportunity for early initiation of specific 
antiviral therapy. Heightened clinical suspicion for non-EB V herpesvirus-associated 
CSS in immunocompromised patients is warranted given the apparent increased 
risk for CSS in these patients. Moreover, thorough immunophenotypic and genetic 
assessment of patients with non-EBV herpesvirus-associated CSS is critical for 
understanding of the pathogenesis and epidemiology of CSS. Multicenter prospec- 
tive studies are needed to further define the epidemiology, optimal treatment, and 
outcomes of non-EBV herpesvirus-associated CSS. 
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Cytokine Storm Syndromes Associated ÁA 


with Epstein-Barr Virus KETIN 


Katherine C. Verbist and Kim E. Nichols 


Introduction 


The mammalian immune system incorporates an array of strategies to defend against 
infectious pathogens such as viruses. Under certain circumstances, however, the 
virus and host can adopt counter-regulatory defense strategies leading to a situation 
in which both exist in equilibrium. Epstein—Barr virus (EBV), which can establish 
lifelong infection in humans, is a perfect example of this relationship. Human beings 
are the only known natural host for EBV, and it is estimated that more than 90% of 
the human population is seropositive [1]. This observation highlights the strict 
dependency of the virus on humans for its existence and propagation. 

Surveillance mediated by effector cells of the immune system is critically impor- 
tant in controlling EBV, with most individuals developing an asymptomatic infec- 
tion in childhood and enduring a subclinical latent infection for life. This host—virus 
homeostasis requires a very delicate balance between the necessity of EBV to pre- 
serve the host and the host to protect itself from the virus. As might be expected, 
when this balance is perturbed, EBV-driven diseases can occur. Among these are 
included nonmalignant lymphoproliferative disorders such as acute infectious 
mononucleosis (IM), chronic active EBV infection (CAEBV), hemophagocytic 
lymphohistiocytosis (HLH) [1], and posttransplant lymphoproliferative disorder 
(PTLD) [2], as well as a wide spectrum of hematopoietic and solid malignancies 
[3—6] (Table 1). 

In many of these diseases, feed-forward loops involving cells of the innate and adap- 
tive immune systems and the cytokines that they produce drive development of associ- 
ated cytokine storm syndromes (CSS), which at times may be associated with significant 
morbidity and mortality. In this chapter, we review the processes of EBV infection and 
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Table 1 EBV-driven disease states 


Reference 
Nonmalignant 
Infectious mononucleosis (IM) Epstein et al. [7] 
Chronic active EBV (CAEBV) Kimura et al. [8] 
Hemophagocytic lymphohistiocytosis (HLH) Sullivan et al. [9] and . 
Imashuku et al. [10] 
Posttransplant lymphoproliferative disorder (PTLD) Paya et al. [11] 
Malignant 
Hematopoietic: Burkitt Lymphoma, Hodgkin Lymphoma, Diffuse Weiss et al. [3] and 
Large B cell Lymphoma, rare NK or T cell Lymphomas, and HIV- Jones et al. [4] 


Associated Lymphomas 
Solid: Nasopharyngeal Carcinoma and EBV-Associated Gastric Cancer | Neparidze and Lacy [6] 


the host anti-EBV immune response. We also discuss several EBV-induced CSS and 
describe the roles played by various immune cells and their cytokines in driving disease 
pathogenesis. 


Epstein-Barr Virus Infection and the Anti-EBV Immune 
Response 


EBV is a double-stranded DNA virus belonging to the lymphocryptovirus (LCV) 
genus of the y-herpesvirus subfamily. Divergence in DNA sequence divides EBV 
into two variants referred to as type 1 and type 2 [12]. Both variants are found 
widely distributed throughout the world and exist in together in most populations. 
There appears to be no relationship between these different strains and specific 
EBV-related diseases [13]. The EBV genome codes for nearly 100 unique proteins 
that organize the virus into the characteristic nucleoid, icosahedral capsid, and pro- 
tective envelope derived from host nuclear or cellular membrane [14]. It 1s these 
proteins that interact with and elicit responses from the host immune system. 
Transmission of EBV occurs via saliva, where early infection occurs in cells of 
the oral cavity—probably in epithelial cells as well as B cells present at or just 
beneath mucosal surfaces (Fig. 1) [15, 16]. Mechanisms of viral entry into B cells 
and epithelial cells are distinct, though both depend on viral glycoproteins (gp) [16]. 
To infect B cells, EBV envelope proteins gp350 and 220 [17] bind with high affinity 
[18] to the complement receptor type 2 (CR2, also known as CD21) on the B cell 
surface [19], but other viral gp are also likely involved in this process [20]. The 
fusion between the virus and the host cell membrane is then mediated by the viral 
proteins gHgL, gB, and gp42 [21—23] which bind to B cell human leukocyte antigen 
(HLA) class II molecules. Either independently, or as part of a complex with the B 
cell surface proteins CD19 and CD35 (complement receptor 1; CR1), CR2 signal- 
ing activates nuclear factor (NF)-«B and induces production of interleukin (IL)-6 by 
the infected B cell, a cytokine that drives B cell survival, expansion, and maturation 
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Fig. 1 Cytokine responses and therapeutic approaches to EBV-associated CSS. EBV infection of 
epithelial cells in the oral cavity is recognized by pattern recognition receptors and induces type I 
interferon production and NF-«B activation. Subsequent inflammasome activation results produc- 
tion of IL-33 and IL-1 family members. Viral infection moves to the B cell that induces a type I 
interferon antiviral state and IL-6 production. Innate cell recognition of infected cells causes IL-18 
and chemokine production by neutrophils, IL-1 and IL-6 production by monocytes and macro- 
phages, type 1 interferon production by NK cells, and Type I and Type II cytokine production by 
NK and iNKT cells. Infected B cells move into secondary lymphoid tissues and elicit cytokine 
production by CD4 and CD8 T cells, including copious amounts of IFNy, TNF, IL-2 (and its recep- 
tor CD25), IL-6, and IL-10. There are numerous points of potential therapeutic intervention, 
including antibody-mediated neutralization of specific cytokines or their receptors, or inhibition of 
cytokine-induced intracellular signaling, as shown 
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[24-26]. It is not known whether cytokine production is initiated as a result of a 
gp42-HLA class II interaction; however, since signaling via HLA class II molecules 
is well documented under other circumstances, this remains a possibility [27]. 

Following viral entry, the replicative cycle of EBV results in the expression of 
more than 80 viral proteins involved in assembly of new virions, activation and 
proliferation of B cells, and evasion of immune system [28]. During this early lytic 
phase, innate immune mechanisms are primarily at play. Infected epithelial cells 
and B cells targeted by EBV express a variety of pattern recognition receptors 
(PRRs) whose downstream signaling results in an environment hostile to virus rep- 
lication. EBV is initially recognized by toll-like receptors (TLRs), namely TLR2 at 
the cell surface and TLR9 at the endosome [29]. EBV also triggers RNA and DNA 
sensors and inflammasomes, whose recognition of the virus induces a cascade of 
signaling events culminating in activation of interferon-regulatory factors (IRFs) 
and NF-«B. Specifically, EBV proteins interact with (and repress) IRF3 and IRF 7 
[30]. Because of IRF and NF-«B activation, type I interferons and proinflammatory 
cytokines are produced, including IL-la, IL-16, IL-6, and tumor necrosis factor 
(TNF). These and other secreted cytokines are recognized by surface cytokine 
receptors that signal through signal transducer and activator of transcription (STAT) 
molecules (type 1 interferons, IL-6), myeloid differentiation primary response gene 
88 (MyD88; IL-1a, IL-16) or other pathways (TNF) to induce downstream tran- 
scription of cytokine response genes, such as interferon-stimulated genes (ISGs), 
whose products can exert direct antiviral functions [28] (Fig. 1). 

Natural killer (NK) and invariant natural killer T GNKT) cells may also be 
important points of immune control early during primary EBV infection. NK cells 
recognize and kill virally infected cells via MHC-I mediated mechanisms though 
EBV proteins interfere with this process [31]. NK cells are potently activated by 
EBV-induced ligands on infected B cells [32], and NK and iNKT cells can inhibit 
EBV-mediated transformation of B cells [33—35]. Depletion of NK cells in human- 
ized mouse models also exacerbates the signs of EBV infection [36, 37]. Thus, a 
failure of early viral control by NK and/or iNKT cells may lead to IM or a more 
fulminant primary viral infection. NK and iNKT cells respond to EBV infection 
rapidly and copiously produce cytokines such as IL-2, IL-15, and interferon (IFN) 
y, which further drive NK cell activation and enhance the expansion, activation, and 
cytotoxic functions of CD8 T lymphocytes. 

Once inside B cells, EBV quickly establishes a latent infection that is dependent 
on the expression of latent viral proteins. The EBV genome is replicated once and 
only once per cell cycle, leading to a “need” on the part of the virus to induce B cell 
immortalization for its continued replication. In this way, EBV DNA is maintained 
in latently infected B cells that undergo proliferation. EBNA2 and LMP1 are two 
viral proteins required for B cell immortalization [38, 39]. These two proteins, espe- 
cially LMP1, activate NF-kB and c-Jun N-terminal kinase pathways, resulting in 
production of survival and growth factors, such as IL-6 and IL-8, by the B cells to 
stimulate differentiation and proliferation [39, 40]. The viral latency EBNA3 
proteins regulate expression of certain cellular genes, including specific receptors 
such as CD28, CD19, CD21, CD23, and CD30; T cell costimulatory molecules 
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CD80/CD86; adhesion molecules such as intercellular adhesion molecule-1, leuko- 
cyte factor antigen-1, and leukocyte factor antigen-3; and a member of the src onco- 
gene family, c-fgr [41]. Thus, as latent infection is established, B cells are 
simultaneously becoming lymphoblasts, functionally differentiating, secreting 
cytokines themselves, and disseminating into the circulation and secondary lym- 
phoid organs (spleen, lymph nodes, and bone marrow). 

Although the role for humoral immunity is less clear, cellular immunity is indis- 
putably required for control of EBV. This is made evident by the fact that individu- 
als with defects in T cell development or function exhibit greatly exacerbated 
disease upon infection [42, 43]. In acute IM, the absolute number of total peripheral 
blood T cells increases 5—10-fold above that of asymptomatic carriers, and during 
lytic infection up to 50% of the total CD8 T cell pool may be specific for EBV epi- 
topes [42, 44]. During latent infection, there may be a tenfold reduction in the mag- 
nitude of this response, but the EB V-specific CD8 T cell response remains elevated 
[44]. EB V-specific CD4 T cells expand to a lesser degree, accounting for 0.1% (in 
latent infections) to 1% (in IM patients) of all circulating CD4 T cells [45, 46]. 
While CD4 T cell responses may be less pronounced than CD8 T cell responses, 
CD4 T cells exhibit specificity for a broader range of viral antigens and may be very 
important to EBV control, demonstrated by the observation that human immunode- 
ficiency virus (HIV)+ individuals with low CD4 T cell counts have high EBV viral 
loads and are prone to develop EBV-associated B cell lymphomas [45, 47]. 
Consistently, improved outcomes have been noted in PTLD patients receiving both 
EBV-specific CD4 and CD8 T cells, as opposed to CD8 T cells alone [48, 49]. 

Normally, this acute expansion and activation of CD8 and CD4 T cells resolves, 
and a symbiosis between EBV and the infected host is reached. Remarkably, despite 
the robust T cell response, virus-infected B cells are never completely eradicated, 
even in immunocompetent individuals. Approximately 1 in 10,000 to 1 in 100,000 
memory B cells remain infected throughout the life of the host. Under normal circum- 
stances, this frequency of EBV-infected B cells is stable with an estimated total body 
load of 104-10’ (mean 0.5 x 10°) EBV-positive memory B cells [50—53]. It is from this 
pool of infected memory B cells that the virus periodically reactivates leading to the 
release of infectious virions and ultimately to reinfection of additional B cells. 


Acute and Chronic Active EBV (CAEBV) Infection 


For reasons that are not well understood, children infected with EBV do not gener- 
ally develop symptoms. If infection occurs in an adolescent or adult, however, IM 
may develop, with peak incidences being between 17 and 25 years of age [7]. IM is 
traditionally characterized by fever, pharyngitis, generalized lymphadenopathy, and 
splenomegaly, with demonstration of an atypical lymphocytosis in the peripheral 
blood (defined as >50% lymphocytes and >10% atypical forms in the differential) 
and presence of a positive heterophile antibody titer. Most early symptoms are non- 
specific and include myalgias, fatigue, and malaise. Fever occurs and may reach 
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peaks of up to 40 ° C in up to a third of patients. While these are the most common 
and sometimes the only symptoms, other findings include cough, rashes, headaches, 
and ocular manifestations such as photophobia, ocular muscle pain, dry eyes, and 
conjunctivitis. The symptoms of IM develop gradually and usually resolve in 
1-2 weeks; however, fatigue may linger longer. IM typically occurs only once in the 
lifetime of the host [7]. 

Rarely, EBV can cause CAEBV, a condition characterized by unrelenting active 
infection in apparently immunocompetent individuals. CAEB V is most common in 
older children or young adults and 1s characterized by persistent or recurring IM-like 
symptoms, often with hepatosplenomegaly and unusual anti-EBV antibody pat- 
terns. The diagnostic criteria consist of: (1) evidence of severe, progressive EBV 
illness beginning as a primary EBV infection and lasting more than 6 months with 
abnormally high anti-EB V titers (anti-VCA IgG > 1:5120 and anti EA >1:640), and/ 
or abnormally low anti EBNA (<1:2); (2) histologic evidence of major organ 
involvement; and (3) increased amounts of EBV in peripheral blood and/or affected 
tissues. CAEBV may be lethal, with mortality rates around 30-50% within 5 years 
of diagnosis [8]. Most deaths are due to the development of an HLH-like syndrome, 
which is driven by hypercytokinemia (a CSS). 

The etiology of CAEBV is unknown. Early studies suggested that the disease 
might be due to mutant strains of EBV that result only in lytic infection [54]. 
However, it was subsequently shown that the same lytic strain was present in control 
individuals [55]. Observations also favor a potential genetic cause. Towards this 
end, CAEBV is rare in the USA but relatively common in Asia and South America 
[56], indicating a possible ethnic bias. Second, CTL and NK cell activity are reduced 
when cells are obtained from CAEBV patients and their parents, suggesting a heri- 
table nature to the cellular defect [57]. In support of this notion, Katano et al. 
recently identified biallelic inactivating mutations in the gene encoding perforin in 
a patient with CAEBV [57]. In CAEBV, high levels of EBV DNA are found in CD4 
T cells and NK cells, but not in B cells [58], as is seen in typical EBV infection. The 
significance of this finding and the mechanisms underlying the preferential infec- 
tion of T and NK cells remain to be elucidated. CAEBV clinically overlaps with 
EBV-HLH and further investigations are needed to differentiate between these dis- 
orders and determine the role of EBV in disease pathogenesis. 


EBV-Associated Hemophagocytic Lymphohistiocytosis 
(EBV-HLH) 


Sometimes referred to as fulminant infectious mononucleosis (FIM), EBV- 
associated HLH is a classic CSS. Hemophagocytic syndrome was first described in 
1939 by Scott and Robb-Smith and represents a spectrum of diseases characterized 
by the aberrant activation of NK cells and macrophages resulting in hypercytokin- 
emia, which in turn leads to cellular damage, organ dysfunction, and death [10, 59]. 
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Classically, HLH has been categorized as “primary” (familial) or “secondary” 
(sporadic). In primary HLH, patients harbor germline mutations that disrupt the 
PRF1, UNCI3D, STX11, STXBP2, or RAB27A genes. In contrast, patients with 
secondary HLH lack mutations in these genes. In either scenario, various infec- 
tious can trigger disease with EBV being a major culprit [9, 60]. Several addi- 
tional primary immune deficiencies (PID) can lead to HLH, with many of these 
caused by mutations in genes associated with lymphocyte survival, activation, or 
cytotoxic function (see below, Primary Immune Deficiencies Associated with 
EBV-HLH) [61]. In adults, EB V-HLH often develops in association with NK or 
T cell lymphomas [62, 63]. 

In 1991 Henter et al., put forth diagnostic criteria for HLH that include fever, 
splenomegaly, cytopenia, hypertriglyceridemia, or hypofibrinogenemia, and 
hemophagocytosis in secondary lymphoid organs [64]. These criteria have been 
revised over time to also include low or absent NK cell activity, high serum fer- 
ritin levels, and high serum levels of soluble CD25 (the high affinity receptor for 
IL-2; also known as IL-2Ra) [64]. For EBV-HLH, the diagnostic criteria are the 
same, but the individual must also be EBV positive. As many patients with EBV- 
HLH are immunocompromised, serological responses to the virus may be greatly 
reduced or even absent. Accordingly, measurement of anti-EBV titers is not gen- 
erally helpful in making the diagnosis [65]. Rather, EBV positivity is best deter- 
mined by quantitation of EBV DNA via polymerase chain reaction of the blood or 
affected tissues. 

The course of EB V-HLH can be variable, ranging from multiorgan failure devel- 
oping over hours to persistent or recurring IM-like symptoms lasting for months. An 
atypical lymphocytosis is usually present during early stages, but patients subse- 
quently develop cytopenias, hepatic dysfunction, central nervous system involve- 
ment, and ultimately multiorgan failure. In EBV-HLH, organs are extensively 
infiltrated by activated CD8 T cells and macrophages [66]. Early in the disease, the 
bone marrow may be hypercellular; however, the marrow later becomes hypocel- 
lular with increasing numbers of infiltrating histiocytes [67, 68] often with evidence 
of hemophagocytosis. Liver biopsies reveal portal infiltration with lymphocytes and 
histiocytes, with occasional erythrophagocytosis [69]. Perivascular mononuclear 
cell infiltrates of the brain, mononuclear cell myocarditis, and interstitial nephritis 
are also rarely observed [66—68, 70]. 


Primary Immune Deficiencies Associated with EBV-HLH 


Several PID have been described in which EBV-induced lymphoproliferation is a 
common feature, and ruling out or confirming whether a patient has one of these 
PIDs is an important objective when EBV-HLH is suspected. PIDs are generally 
caused by monogenetic mutations that impair immune cell development, differen- 
tiation, proliferation, apoptosis, and/or function, leaving affected individuals more 
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Table 2 Primary immune deficiencies associated with EB V-HLH 


EBV-Induced Gene Deficient 
Disease Lymphoproliferation (Location) | protein Cellular phenotypes 
XLP1 Increased susceptibility |SH2DIA | SAP e Loss of iNKT cells 
to EBV progressing to (Xq25) SLAM- e Decrease in optimal 
HLH (~55% of patients; associated T-B cell interactions 
lethal in ~65%) and protein and killing 
lymphomas e Impaired T cell RICD 
e Thl-cytokine skewing 
XLP2 Autoimmune BIRC4/ XIAP e Increased apoptosis of 
manifestations and XIAP X-linked CD8 T cells 
EBV-HLH in ~76% of (Xq25) inhibitor of e Increased cytokine 
patients without apoptosis production upon TNF 
lymphomas protein stim. 
e Shift from apoptotic to 
necroptotic cell death 
ITK EBV-HLH-like ITK ITK e Compromised TCR 
deficiency | symptoms with (5q33.3) IL-2 inducible activation 
progression to Hodgkin T- cell kinase |* Reduced iNKT cells 
lymphoma e Impaired Th2 with 
robust Th1 cytokine 
production 
e Impaired Th17 
differentiation 
XMEN Indolent EBV-driven MAGTI MAGT1 e Decreased optimal 
disease lymphoproliferation (q21.1) Magnesium TCR activation 
progressing to lymphoma transporter 1 e Decreased NKG2D 
with rare HLH expression on NK and 
CD8 T cells 


susceptible to EBV. Studies of these individuals provide important new insights into 
the molecular mechanisms regulating the interaction of EBV-infected B cells with 
T, NK, and other cells of the immune system (Table 2). Below, we discuss several 
PIDs in which EBV is responsible for inducing the most severe manifestations. 


X-Linked Lymphoproliferative Disease Type 1 (XLP1; SAP Deficiency) 


In 1974 and 1975, Purtilo described a family in which 6 of 18 boys died of a lym- 
phoproliferative disease associated with EBV infection [71, 72]. Initially named 
Duncan’s disease after this family, this condition is now more commonly referred to 
as XLP1. As the name implies, the genetic mutation responsible for disease is 
located on the X chromosome, and XLP1 affects approximately 1 out of every mil- 
lion male individuals [73]. Notably, affected boys and young men exhibit increased 
susceptibility to EBV but not to other childhood viruses. Three phenotypes are com- 
mon and include [1] EB V-HLH, [2] malignant lymphoma, and [3] dysgammaglobu- 
linemia. Less common manifestations include vasculitis, pulmonary lymphomatoid 
granulomatosis, and aplastic anemia [73, 74]. EBV-HLH affects 45-70% of XLPI 
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patients [73, 75, 76] and is the most lethal of the XLP phenotypes with up to 65% 
of patients dying, even with contemporary therapies [75]. The median age of EBV- 
HLH onset is 5 years, but the condition has occurred as late as 40 years [73]. The 
pathology and clinical findings are identical to those seen in patients with EBV- 
HLH but without XLP. 

The gene responsible for XLP1 is SH2DJ/A, which encodes a small cytoplasmic 
adaptor protein known as signaling lymphocytic activation molecule (SLAM)- 
associated protein (SAP) [77-79]. The diagnosis of XLP1 can be strongly suspected 
based on reduced or lack of SAP protein expression by flow cytometric assessment 
of peripheral blood lymphocytes and confirmed by identification of inactivating 
mutations in SH2D/A [80]. SAP is an SH2-domain containing adaptor molecule 
that regulates intracellular signaling downstream of the SLAM family of receptors, 
which are broadly expressed on hematopoietic cells. Studies of SAP-deficient cells 
have revealed critical roles for this protein in the promotion of stable interactions 
between T and B cells, which are required for the recognition and killing of B cells 
by CD8 T cells and the induction of B cell dependent humoral responses by CD4 T 
follicular helper cells [78, 81, 82]. Attenuation of these processes in XLP1 patients 
presumably allows for the outgrowth of EBV-infected B cells and underlies the 
susceptibility to EBV that is observed in XLP1. Additionally, T cells from XLP 
patients exhibit impaired restimulation-induced cell death (RICD), which may lead 
to excessive accumulation of effector cells [83]. The exclusive susceptibility of 
these patients to EBV and not to other pathogens has revealed a potentially unique 
role for SAP in host defense against EBV. 

Mice deficient for Sh2d/a have been generated, and studies of these animals 
have revealed a Th! skewing in cytokine production upon infection with Lymphocytic 
choriomeningitis virus (LCMV) [84]. This abnormal response is not limited to viral 
infection, because exposure to T. gondii also results in elevated IFN-y production 
from Sap-deficient T cells. Even lymphocytes from uninfected mice exhibit 
increased Th1 and decreased Th2 cytokine production (especially IL-4) [84]. iNKT 
cells, which play important immunoregulatory roles and produce copious amounts 
of cytokines [85], are also lacking in Sap-deficient mice [78]. Collectively, these 
observations suggest that poor control of EBV-infected B cells along with dysregu- 
lation of the cytokine milieu towards a more proinflammatory state, likely contrib- 
ute to the pathogenesis of EB V-HLH in patients with XLP1. 


X-Linked Lymphoproliferative Disease, Type 2 (XLP2; XIAP Deficiency) 


In 2006, a second X-linked disorder associated with EBV-HLH was described as 
caused by inactivating mutations in the BIRC4 gene (now known as XIAP) [86]. 
The similarity in EBV sensitivity between patients with SAP and XIAP deficiency 
initially led to the naming of this condition as XLP2. Over time, however, it has 
become apparent that XIAP deficient patients exhibit many differences in clinical 
manifestations compared to SAP deficient patients [87—89]. For example, XIAP 
deficient males are prone to developing colitis, uveitis, and other autoimmune 
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manifestations, which are not observed in SAP-deficient patients. Conversely, 
SAP deficient patients develop lymphoma, a phenomenon not observed in XIAP 
deficient patients. A comparison of patients with SAP and XIAP deficiency showed 
that HLH was more common in XIAP (76%) versus SAP deficiency (55%), but 
more likely to be fatal in SAP versus XIAP deficiency [89]. Interestingly, HLH may 
be triggered in XIAP deficient patients by a broad array of infectious agents, not just 
by EBV. As with SAP deficiency, the diagnosis of XIAP deficiency is suspected 
based on reduced or lack of XIAP expression by flow cytometric assessment of 
lymphocytes and can be confirmed by identification of inactivating mutations in 
XIAP [80]. 

It remains unclear how loss of XIAP expression leads to the manifestations of 
XLP2. XIAP-deficient CD8 T cells exhibit normal cytotoxic activity so HLH 1s not 
likely to be caused by qualitative T cell defects. One function of XIAP is to inhibit 
apoptosis. Accordingly, T cells lacking XIAP exhibit increased apoptosis following 
T cell receptor engagement [86]. It has been suggested that this excessive death of 
cytotoxic T lymphocytes may lead to ineffective control of EBV infection and devel- 
opment of EBV-HLH. Studies in animals, though, have revealed that XIAP (and 
other IAP family members) repress inflammatory cytokine production. XIAP nega- 
tively regulates cytokine production, including TNF to disrupt myelopoiesis, and 
limits cytokine production in a dying cell by preventing RIP kinase activity [90]. 
Furthermore, treatment of mice with bivalent IAP antagonists results in a significant 
increase in IL-18 production by TNF-primed macrophages [91]. Deletion of XIAP in 
bone marrow derived macrophages also shifts their cell death pathways away from 
the anti-inflammatory apoptotic cell death towards the more proinflammatory 
necroptotic cell death pathways and primes cells for spontaneous inflammasome 
assembly [91, 92]. Thus, it remains possible that in XIAP deficiency, EBV infection 
drives B cells to undergo a more inflammatory cell death pathway, leading to 
excessive cytokine production by the cells that phagocytose them. 


IL-2 Inducible T Cell Kinase (ITK) Deficiency 


ITK encodes the IL-2 inducible T cell kinase, a non-receptor tyrosine kinase 
expressed by hematopoietic cells that 1s involved in proximal TCR signaling via its 
regulation of phospholipase C-y phosphorylation [82]. Biallelic inactivating muta- 
tions in ITK cause an interesting autosomal recessive PID associated with develop- 
ment of EBV-positive Hodgkin lymphoma (HL). The disorder was originally 
identified in two female siblings from a consanguineous family who developed 
EBV-HLH-like symptoms with progression to HL [93]. Including this original 
report, eleven patients from eight unrelated families have been identified, 21 of 
whom presented with EBV viremia and lymphoproliferation that often progressed 
to HL [82]. Patients also exhibited CD4 T cell lymphopenia, reduced iNKT cells, 
and progressive hypogammaglobulinemia. Although most of the patients responded 
favorably to HL-directed chemotherapy, many experienced a relapse. Of the 13 
reported cases, only 5 (42%) are alive at the time of reporting, with 2 having received 
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allogeneic hematopoietic stem cell transplantation (HSCT) [82]. Collectively, these 
reports suggest that genetic defects that impair ITK function are an important cause 
of HL, especially when it occurs in young children and in the setting of EBV infec- 
tion. Although the mechanisms underlying the sensitivity to EBV and development 
of HL remain to be determined, it is possible that ITK deficiency leads to disease by 
compromising TCR activation, which is further compounded by a reduction of 
iNKT cells, leading to an outgrowth of EBV-infected B cells. 

Here, too, animal models of disease have yielded insights into how the loss of ITK 
gene function might contribute to disease [94]. ITK-deficient patients have high lev- 
els of EBV viremia, which may result from poor T cell activation and expansion and 
subsequent inability to control infection. However, analysis of T cells from /tk—/— 
mice reveals only a modest impact of Itk deficiency on naive T cell activation [95]. 
Most strikingly, /tk—/— mice are resistant to the development of allergic asthma due 
to impaired secretion of Th2 and strong secretion of Th1 cytokines [96, 97]. T cells 
lacking ITK also display interesting selective alterations in cytokine production that 
highlight the complex nature of the signaling pathways that regulate T cell effector 
responses. One example is the role of Itk in the regulation of cytokine production by 
Th17 cells (a CD4 effector T cell lineage that differentiates in response to IL-6 and 
transforming growth factor (TGF)B and expresses the proinflammatory cytokines 
IL-17A, IL-17F, IL-21, and IL-22), as Itk deficient T cells show impaired differentia- 
tion into this lineage [98]. Although it is not known how or whether IL-17 plays a 
role in the CSS of EBV-HLH, these studies demonstrate the importance of ITK in 
regulating cytokine responses in general and highlight the impressive need for fur- 
ther research into the role of many of these cytokines in disease pathogenesis. 


X-Linked Immunodeficiency with Magnesium Defect, EBV Infection 
and Neoplasia (XMEN) Disease 


XMEN disease was discovered in 2011, and only seven cases have thus far been pub- 
lished [99] so the natural history of the disease is currently uncertain. As the inheri- 
tance is X-linked, all cases have been males, and prevalence of XMEN disease and 
the frequency of female carriers are unknown but expected to be uncommon [99]. 
Female carriers exhibit skewed lyonization, favoring expression of the wild-type X 
chromosome [100]. All patients thus far described exhibited persistent high levels 
of EBV, reduced CD4 T cell counts, and splenomegaly. B cell lymphoproliferation 
is the most common cause of morbidity and mortality with four post-pubertal males 
developing EBV-positive lymphomas [99, 100]. XMEN patients may also be more 
susceptible to sinopulmonary and ear infections, viral pneumonias, and other viral 
infections, but these are generally mild or infrequent. Indeed, all XMEN patients 
exhibit normal growth and development, and most did not even come to medical 
attention until an EBV-associated lymphoproliferative disorder developed. 

XMEN is caused by loss of function mutations in the gene MAGT/ (Magnesium 
Transporter I located at Xq21.1), a ubiquitously expressed magnesium cation trans- 
porter. MAGT1 is a critical regulator of the levels of free (ionized) magnesium in 
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cells, and although this pool is generally less that 5% of all intracellular magnesium 
[101], discovery of this disease has revealed an important and nonredundant role for 
free magnesium in T cells. A transient T cell receptor-mediated Mg” influx is a 
signaling step that enhances the efficiency of T cell activation [99]. Furthermore, 
influx of free magnesium is required for the upregulation of expression of the natu- 
ral killer (NK) stimulatory receptor “natural-killer group 2, member D” (NKG2D) 
on NK and CD8 T cells, which is important for control of EBV, although exact 
mechanisms are not yet known. XMEN patients show defective expression of 
NKG2D, and remarkably supplementation with magnesium ,-threonate resulted in 
an increase of NKG2D on endogenous NK and CD8 T cells and enhanced control 
of EBV [102]. Treatment depends on the individual clinical features but is likely to 
include immunoglobulin replacement therapy and antibiotic prophylaxis (similar to 
other humoral PIDs), antiviral prophylaxis, chemotherapy for malignancy, ritux- 
imab, and allogeneic hematopoietic stem cell transplantation. Currently, there is no 
animal model for XMEN disease but generation of one would likely rapidly advance 
insights into the cellular mechanisms of disease and specific points of intervention. 
It remains unclear whether or not patients with XMEN, particularly those with EBV 
infection, are predisposed to CSS as are XLP patients. 


Secondary Immune Deficiencies Associated with EBV-HLH 


Individuals with acquired defects of the immune system, particularly those with uncon- 
trolled human immunodeficiency virus (HIV) infection or those who have undergone 
solid organ or allogeneic HSCT, are at increased risk to develop EBV-associated cyto- 
kine storm and/or full blown HLH (as well as EBV-associated cancers). Similarly, 
elderly or malnourished individuals, or patients undergoing chemotherapy, may experi- 
ence a CSS upon EBV infection. Therefore, a high index of suspicion is warranted in 
any immunosuppressed patient with signs and symptoms of EBV infection. 


EBV Infection in Individuals with HIV 


EBV infection is generally established prior to HIV infection, and EBV-infected B 
cells are kept in check by T cells. As HIV specifically infects and kills T cells, 
patients with HIV are at risk of losing control of EBV infection. It has been observed, 
for example, that patients with poorly controlled HIV infection have at least 10 
times as many EBV-infected B cells in the circulation as healthy persons, and T 
cells from these HIV+ patients suppress EBV-infected B cells less effectively, lead- 
ing to increased viral shedding of EBV in oropharyngeal tissue [103]. The onset of 
EBV-associated CSS in HIV-infected individuals generally begins with symptoms 
much like IM, including fever, pharyngitis, and lymphadenopathy. If left untreated, 
however, EBV infection can rapidly progress. Corticosteroids are often used to limit 
the detrimental effects of EBV-induced hyperinflammation, such as airway 
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obstruction due to enlarged tonsils and lymph nodes, thrombocytopenia, and hemo- 
lytic anemia. Antiviral agents such as acyclovir and/or ganciclovir are also often 
employed to limit viral load and shedding [104, 105]. 


EBV-PTLD 


Recipients of allogeneic HSCT and solid organ transplantation are susceptible to 
EBV infection or reactivation, which may occur naturally or be transmitted from the 
donor graft, and result in the development of nonmalignant or malignant 
PTLD. PTLD may present with a wide spectrum of clinical manifestations, includ- 
ing fever, lymphadenopathy, hepatitis, lymphoid interstitial pneumonitis, and 
meningoencephalitis, or it may present as an IM-like CSS [11]. Surgery, radiother- 
apy, or both are effective in curing localized disease, but this benefits only a small 
percentage of patients. Ultimately, successful treatment generally involves control- 
ling EBV-driven B cell proliferation, usually by facilitating development of an 
appropriate EB V-specific cytotoxic T cell (EBV-CTL) response. The approach most 
widely used as initial therapy for patients post solid organ transplantation with 
PTLD is reduction of immunosuppression. In some cases, this 1s sufficient to con- 
trol the disease, especially in localized, polymorphic cases or cases that present like 
IM. In contrast, reduction of immune suppression is rarely successful following 
allogeneic HSCT because the major issue in these patients is delayed CTL recovery, 
not suppression of CTL function. Therefore, provision of CTL is an alternative ther- 
apeutic intervention. In this approach, T cells are isolated from the patient with 
PTLD or an unrelated third party, expanded in vitro and activated by exposure to 
EBV-specific antigens. These cells are then reintroduced. A retrospective study of 
PID patients who received virus-specific CTL before or after HSCT showed that 
more than 70% of patients treated therapeutically for active EBV exhibited a com- 
plete or partial response to this therapy [106, 107]. 


Cytokines and Their Roles in EBV-HLH: Fueling the Fire 


A hallmark of all forms of EBV-HLH is the cytokine storm. Failure to clear the 
infected B cells and/or the antigen presenting cells directing the T cell response 
leads to feed-forward loops that fuel immune activation and uncontrolled cytokine 
production. It has been observed that EB V-HLH patients whose disease is rapidly 
fatal often have extremely high serum cytokine levels. For example, IFNy levels in 
these individuals can exceed 100 U/ml (normal levels are <1.0 U/ml), and sCD25 
levels can exceed 10,000 U/ml (normal is <2000) [108, 109]. Serum levels of 
sCD25, IFNy, IL-6, IL-10, and IL-18 (and TNF to a lesser extent) are elevated sig- 
nificantly above those of non-EBV-HLH patients [110], and these cytokines are not 
merely characteristic of the disease but are also central to the pathophysiology. 
Levels of IL-4, and IL-2 have also been observed to be significantly elevated in 
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patients with EB V-HLH, but levels of these cytokines are not different from patients 
with sepsis. Moreover, levels of these cytokines did not change after treatment, so 
their relative importance is unclear [111]. 

Both immune effectors (mostly CD8 T cells but also CD4 T cells, NKANKT 
cells, monocytes, and neutrophils) and immune targets (mostly infected B cells but 
also epithelial cells) secrete copious amounts of cytokines in response to EBV 
(Fig. 1). Most immediately, signaling pathways downstream of PRRs culminate in 
the release of IL-1 family member cytokines and their receptors, such as IL-1œ and 
B, IL-18, IL-33, and the IL-33 specific receptor chain ST2. In murine models of 
HLH, ST2 has been shown to greatly contribute to later T cell hyperactivation 
[112]. Also within the first 24 h of infection, type 1 interferons (IFNa and ß) are 
released from NK cells and B cells [113]. EBV can also interact with neutrophils 
and monocytes. EBV binding of the surface of monocytes activates expression of 
IL-6 but inhibits that of TNF [114, 115]. EBV binding to macrophages also induces 
IL-8, macrophage inflammatory protein-la (MIP-1la), and granulocyte macro- 
phage colony stimulating factor (GM-CSF) [116]. During the innate phase of the 
antiviral response, NK cells and monocytes also produce IL-la and 6 [113]. 
Neutrophils may also contribute to innate IL-1œ and P production. Interestingly, 
EBV can modulate this response in favor of the production of IL-1 receptor antag- 
onist (IL-1Ro) [117], and simultaneously EBV can induce neutrophil apoptosis 
[118]. Regardless, IL-1 levels are high early after infection, and this IL-1 together 
with rising levels of IL-2 from expanding T cells drive effector T cells to produce 
large quantities of IFNy [113]. Accordingly, serum levels of IL-1la, IL-2, IL-6, and 
IFNy are reported to be very high in symptomatic patients with acute or chronic 
EBV infection [119, 120]. Other reports based on gene expression data indicate 
that additional cytokines, such as IL-18 and monokine (in addition to IFNy), are 
high in EBV-infected tonsils [121]. 

Circulating virus-specific CD8 and CD4 T cells produce numerous cytokines and 
are thought to be major contributors to the immune pathogenesis associated with 
EBV infection. Concomitant with the rise of T cell numbers is an increase in serum 
levels of the proinflammatory and immunoregulatory cytokines they produce, such 
as IFNy, TNF, IL-6, IL-10, and TGF [82]. With high levels of circulating IFNy, it 
stands to reason that T cells in EBV-infected individuals are highly Th1 polarized 
(strongly proinflammatory), and indeed there is evidence to this effect [122]. 
Conversely, Steigerwald-Mullen et al. showed that EBNA1-specific CD4* T cells 
preferentially produce Th2 type cytokines (IL-5) in response to antigenic stimula- 
tion [123]. These divergences in polarization could reflect differences in the time 
points in the immune response during which T cells were isolated or analyzed, or 
they could result from different contexts of in vivo T cell activation and/or in vitro 
stimulation. As several of the genes involved in PIDs associated with EBV-CSS 
disrupt iNKT development and/or function, it is tempting to speculate how these 
cells might influence the cytokine polarization towards Th! and away from the more 
anti-inflammatory Th2 responses, but a great deal more research is needed in this 
area. Overall, the cytokine milieu is subject to constant change throughout the 
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duration of the immune response and from site to site as some cytokines will be 
produced and/or consumed locally at sites of immune cell infiltration while others 
will be released systemically and lead to the pathology of CSS. 


Treatment of EBV-Associated Disorders: Putting Out the Fire 


Once EBV-HLH develops, therapy can be challenging. To be reductive, control of 
the CSS is largely dependent on immunosuppression and elimination of the trigger. 
Standard treatment often incorporates corticosteroids, most often administered with 
the chemotherapeutic agent etoposide [124, 125], while lymphomas have been 
treated with standard NHL therapy [8]. Cyclosporin A (CsA) with or without corti- 
costeroids has also been shown beneficial [126]. For cases that do not respond to 
these treatments, T cell-depleting agents such as antithymocyte globulin (ATG) may 
be employed as a salvage therapy [127]. Because CD52 is broadly expressed on a 
variety of immune cells, alemtuzumab (anti-CD52) is profoundly immunosuppres- 
sive and may also be employed up front or as a salvage treatment [128, 129]. 

To eliminate the trigger in EBV-HLH, antiviral agents such as acyclovir and/or 
ganciclovir may be employed [130]; although, it remains unclear to what extent 
these agents lessen disease. More recently, drug screening has revealed that the use 
of EBNAI inhibitors might provide a way to halt EBV infection [131, 132]. 
Eliminating the reservoir for the virus might also reduce viral load. The anti-CD20 
monoclonal antibody rituximab has also been used to eliminate EBV-infected B 
cells. Rituximab is generally given in combination with chemotherapy or immuno- 
suppressive medications (steroids, CsA), so successful outcomes are also depen- 
dent on the prevention and treatment of concurrent infections. EBV can, however, 
replicate in NK and T cells (as observed in individuals with CAEBV and in some 
patients with EB V-HLH); thus, lack of response or recurrence after rituximab treat- 
ment is a possibility [133]. The only curative therapy for patients with EBV-HLH 
and underlying HLH genetic mutations or those with a PID is allogeneic HSCT. 
Despite the use of this approach, the overall survival rate may only be as high as 
50% [134, 135]. 

A more experimental approach focuses on targeting the cytokines that are ele- 
vated in EBV-HLH (Fig. 1). In this vein, clinical trials to block IFNy are underway 
with the antibody NI-0501 (https://clinicaltrials.gov/ct2/show/NCT01818492). The 
IL-1 family of cytokines (IL-18, IL-18, and IL-33) comprises a class of potential 
targets. Antibodies blocking/neutralizing IL-1, such as canakinumab and rilonacept, 
or proteins that block the IL-1 receptor, such as anakinra (recombinant IL-1Ra), 
have been shown to be helpful in other CSS such as macrophage activation syndrome 
[136], but to date these have not been explored in EBV-HLH. Similarly, in XIAP, 
blockade of IL-18 is in clinical trials and may also be a point of intervention in 
EBV-HLH _ (https://clinicaltrials.gov/ct2/show/NCT003113760). Blocking the 
IL-33 receptor ST2 is also an as yet unexplored treatment possibility, as this method 
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has shown efficacy in mice [112]. Beyond the IL-1 family of cytokines, antibody- 
mediated blockade of IL-6 or TNF (using tocilizumab, siltuximab, infliximab, 
adalimumab, and golimumab) may be viable options for the treatment of EBV- 
HLH, as there have been successes reported with these approaches in patients with 
other CSS [133]. Many of the cytokines elevated in HLH or other EBV-driven CSS 
are downstream products of JAK-STAT signaling, so a final and potentially more 
attractive experimental approach with which to target numerous cytokines in HLH 
is the use of JAK inhibitors. Inhibitors of JAK signaling such as ruxolitinib, tofaci- 
tinib, and barocitinib have recently become available for the treatment of autoim- 
mune diseases such as rheumatoid arthritis and ulcerative colitis, as well as 
myeloproliferative disorder [137]. As these inhibitors can target multiple cytokines 
by blocking the function of numerous JAK-dependent receptors, it is possible that 
unwanted side effects might result [133]. Nevertheless, a recent case report describes 
positive results in a single patient with refractory HLH following treatment with 
ruxolitinib [138]. 


Conclusion 


EBV has a long history with its human host, and in most people the virus maintains 
a latent infection throughout life. This symbiosis between host and pathogen is 
dependent on immune surveillance, and loss of control of EBV infection by any 
number of mechanisms can lead to an overactive and detrimental immune response. 
EBV is a potent immune stimulus, and as such is associated with a variety of CSS, 
the most common of which are discussed above. Ultimately, treatment of these CSS 
depends on restoring the balance between the virus and the host, and many 
approaches towards the achievement of this goal have or are being explored. To 
date, treatment has focused on the use of antiviral and immunosuppressive agents. 
These treatments, however, are toxic and not always very effective. As we have 
come to appreciate the importance of cytokines in disease pathogenesis, we can now 
use targeted therapies to dampen hyperinflammation while minimizing unwanted 
side effects. In the future, cytokine-directed therapies might ultimately prove to be 
a safer and more effective treatment of EBV-driven CSS. 


Acknowledgements We thank Brandon Stelter in the Biomedical Communications Department 
at St. Jude Children’s Research Hospital for assisting with the creation of Fig. 1. 


References 


1. Kutok, J. L., & Wang, F. (2006). Spectrum of Epstein-Barr virus-associated diseases. Annual 
Review of Pathology, 1, 375—404. 

2. Nagington, J., & Gray, J. (1980). Cyclosporin a immunosuppression, Epstein-Barr antibody, 
and lymphoma. Lancet, 1, 536-537. 


Cytokine Storm Syndromes Associated with Epstein—Barr Virus 269 


10. 


11. 


12; 


13. 


14. 


15. 


16. 
7. 


18. 


19; 


20. 


2A. 


22. 


. Weiss, L. M., Strickler, J. G., Warnke, R. A., Purtilo, D. T., & Sklar, J. (1987). Epstein-Barr 


viral DNA in tissues of Hodgkin's disease. The American Journal of Pathology, 129, 86—91. 


. Jones, J. F., Shurin, S., Abramowsky, C., Tubbs, R. R., Sciotto, C. G., Wahl, R., et al. (1988). 


T-cell lymphomas containing Epstein-Barr viral DNA in patients with chronic Epstein-Barr 
virus infections. The New England Journal of Medicine, 318, 733-741. 


. Greenspan, J. S., Greenspan, D., Lennette, E. T., Abrams, D. I., Conant, M. A., Petersen, V., 


et al. (1985). Replication of Epstein-Barr virus within the epithelial cells of oral "hairy" leuko- 
plakia, an AIDS-associated lesion. The New England Journal of Medicine, 313, 1564-1571. 


. Neparidze, N., & Lacy, J. (2014). Malignancies associated with epstein-barr virus: Pathobiology, 


clinical features, and evolving treatments. Clinical Advances in Hematology & Oncology, 12, 
358-371. 


. Epstein, M. A., & Achong, B. G. (1977). Pathogenesis of infectious mononucleosis. Lancet, 


2, 1270-1273. 


. Kimura, H., Hoshino, Y., Kanegane, H., Tsuge, I., Okamura, T., Kawa, K., et al. (2001). 


Clinical and virologic characteristics of chronic active Epstein-Barr virus infection. Blood, 
98, 280-286. 


. Sullivan, J. L., Woda, B. A., Herrod, H. G., Koh, G., Rivara, F. P, & Mulder, C. (1985). 


Epstein-Barr virus-associated hemophagocytic syndrome: Virological and immunopathologi- 
cal studies. Blood, 65, 1097—1104. 

Imashuku, S. (2002). Clinical features and treatment strategies of Epstein-Barr virus-associated 
hemophagocytic lymphohistiocytosis. Critical Reviews in Oncology/Hematology, 44, 259-272. 
Paya, C. V., Fung, J. J., Nalesnik, M. A., Kieff, E., Green, M., Gores, G., et al. (1999). 
Epstein-Barr virus-induced posttransplant lymphoproliferative disorders. ASTS/ASTP EBV- 
PTLD task force and the mayo clinic organized international consensus development meet- 
ing. Transplantation, 68, 1517-1525. 

Palser, A. L., Grayson, N. E., White, R. E., Corton, C., Correia, S., Ba Abdullah, M. M., et al. 
(2015). Genome diversity of Epstein-Barr virus from multiple tumor types and normal infec- 
tion. Journal of Virology, 89, 5222-5237. 

Neves, M., Marinho-Dias, J., Ribeiro, J., & Sousa, H. (2017). Epstein-Barr virus strains and 
variations: Geographic or disease-specific variants? Journal of Medical Virology, 89, 373-387. 
Farrell, P. J. (2015). Epstein-Barr virus strain variation. Current Topics in Microbiology and 
Immunology, 390, 45-69. 

Shannon-Lowe, C., & Rowe, M. (2011). Epstein-Barr virus infection of polarized epithe- 
lial cells via the basolateral surface by memory B cell-mediated transfer infection. PLoS 
Pathogens, 7, e1001338. 

Hutt-Fletcher, L. M. (2007). Epstein-Barr virus entry. Journal of Virology, 81, 1825-7832. 
Johannsen, E., Luftig, M., Chase, M. R., Weicksel, S., Cahir-McFarland, E., Illanes, D., et al. 
(2004). Proteins of purified Epstein-Barr virus. Proceedings of the National Academy of 
Sciences of the United States of America, 101, 16286-16291. 

Moore, M. D., DiScipio, R. G., Cooper, N. R., & Nemerow, G. R. (1989). Hydrodynamic, 
electron microscopic, and ligand-binding analysis of the Epstein-Barr virus/C3dg receptor 
(CR2). The Journal of Biological Chemistry, 264, 20576-20582. 

Fingeroth, J. D., Weis, J. J., Tedder, T. F., Strominger, J. L., Biro, P. A., & Fearon, D. T. (1984). 
Epstein-Barr virus receptor of human B lymphocytes is the C3d receptor CR2. Proceedings 
of the National Academy of Sciences of the United States of America, 81, 4510-4514. 

Janz, A., Oezel, M., Kurzeder, C., Mautner, J., Pich, D., Kost, M., et al. (2000). Infectious 
Epstein-Barr virus lacking major glycoprotein BLLF1 (gp350/220) demonstrates the exis- 
tence of additional viral ligands. Journal of Virology, 74, 10142-10152. 

Haddad, R. S., & Hutt-Fletcher, L. M. (1989). Depletion of glycoprotein gp85 from virosomes 
made with Epstein-Barr virus proteins abolishes their ability to fuse with virus receptor- 
bearing cells. Journal of Virology, 63, 4998-5005. 

Haan, K. M., Lee, S. K., & Longnecker, R. (2001). Different functional domains in the cyto- 
plasmic tail of glycoprotein B are involved in Epstein-Barr virus-induced membrane fusion. 
Virology, 290, 106-114. 


270 


23 


24. 


25; 


26. 


2d; 


28. 


29. 


30. 


al, 


32. 


d 


34. 


35; 


36. 


37. 


38. 


39. 


40. 


Al. 


42. 


43. 


K. C. Verbist and K. E. Nichols 


Miller, N., & Hutt-Fletcher, L. M. (1988). A monoclonal antibody to glycoprotein gp85 
inhibits fusion but not attachment of Epstein-Barr virus. Journal of Virology, 62, 2366-2372. 
Sugano, N., Chen, W., Roberts, M. L., & Cooper, N. R. (1997). Epstein-Barr virus bind- 
ing to CD21 activates the initial viral promoter via NF-kappaB induction. The Journal of 
Experimental Medicine, 186, 731-737. 

Tanner, J. E., Alfieri, C., Chatila, T. A., & Diaz-Mitoma, F. (1996). Induction of interleukin- 
6 after stimulation of human B-cell CD21 by Epstein-Barr virus glycoproteins gp350 and 
gp220. Journal of Virology, 70, 570-575. 

Hunter, C. A., & Jones, S. A. (2015). IL-6 as a keystone cytokine in health and disease. Nature 
Immunology, 16, 448—457. 

Leveille, C., Castaigne, J. G., Charron, D., & Al-Daccak, R. (2002). MHC class II isotype- 
specific signaling complex on human B cells. European Journal of Immunology, 32, 2282-2291. 
Ressing, M. E., van Gent, M., Gram, A. M., Hooykaas, M. J., Piersma, S. J., & Wiertz, E. J. 
(2015). Immune evasion by Epstein-Barr virus. Current Topics in Microbiology and Immunology, 
39], 355-381. 

van Gent, M., Braem, S. G., de Jong, A., Delagic, N., Peeters, J. G., Boer, I. G., et al. (2014). 
Epstein-Barr virus large tegument protein BPLF1 contributes to innate immune evasion 
through interference with toll-like receptor signaling. PLoS Pathogens, 10, e1003960. 
Bentz, G. L., Liu, R., Hahn, A. M., Shackelford, J., & Pagano, J. S. (2010). Epstein-Barr virus 
BRLF1 inhibits transcription of IRF3 and IRF7 and suppresses induction of interferon-beta. 
Virology, 402, 121-128. 

Quinn, L. L., Zuo, J., Abbott, R. J., Shannon-Lowe, C., Tierney, R. J., Hislop, A. D., et al. 
(2014). Cooperation between Epstein-Barr virus immune evasion proteins spreads protection 
from CD8+ T cell recognition across all three phases of the lytic cycle. PLoS Pathogens, 10, 
e€1004322. 

Lanier, L. L. (2015). NKG2D receptor and its ligands in host defense. Cancer Immunology 
Research, 3, 515—582. 

Strowig, T., Brilot, F., Arrey, F., Bougras, G., Thomas, D., Muller, W. A., et al. (2008). Tonsilar 
NK cells restrict B cell transformation by the Epstein-Barr virus via IFN-gamma. PLoS 
Pathogens, 4, e27. 

Azzi, T., Lunemann, A., Murer, A., Ueda, S., Beziat, V., Malmberg, K. J., et al. (2014). Role for 
early-differentiated natural killer cells in infectious mononucleosis. Blood, 124, 2533-2543. 
Chung, Y., Yamazaki, T., Kim, B. S., Zhang, Y., Reynolds, J. M., Martinez, G. J., et al. (2013). 
Epstein Barr virus-induced 3 (EBI3) together with IL-12 negatively regulates T helper 
17-mediated immunity to Listeria monocytogenes infection. PLoS Pathogens, 9, e1003628. 
Chijioke, O., Azzi, T., Nadal, D., & Munz, C. (2013). Innate immune responses against Epstein 
Barr virus infection. Journal of Leukocyte Biology, 94, 1185-1190. 

Chijioke, O., Landtwing, V., & Munz, C. (2016). NK cell influence on the outcome of pri- 
mary Epstein-Barr virus infection. Frontiers in Immunology, 7, 323. 

Kempkes, B., & Ling, P. D. (2015). EBNA2 and its coactivator EBNA-LP. Current Topics in 
Microbiology and Immunology, 391, 35—59. 

Kieser, A., & Sterz, K. R. (2015). The latent membrane protein 1 (LMP1). Current Topics in 
Microbiology and Immunology, 391, 119-149. 

Eliopoulos, A. G., Gallagher, N. J., Blake, S. M., Dawson, C. W., & Young, L. S. (1999). 
Activation of the p38 mitogen-activated protein kinase pathway by Epstein-Barr virus- 
encoded latent membrane protein | coregulates interleukin-6 and interleukin-8 production. 
The Journal of Biological Chemistry, 274, 16085-16096. 

Allday, M. J., Bazot, Q., & White, R. E. (2015). The EBNA3 family: Two oncoproteins and 
a tumour suppressor that are central to the biology of EBV in B cells. Current Topics in 
Microbiology and Immunology, 391, 61—117. 

Taylor, G. S., Long, H. M., Brooks, J. M., Rickinson, A. B., & Hislop, A. D. (2015). The immu- 
nology of Epstein-Barr virus-induced disease. Annual Review of Immunology, 33, 787-821. 
Palendira, U., & Rickinson, A. B. (2015). Primary immunodeficiencies and the control of 
Epstein-Barr virus infection. Annals of the New York Academy of Sciences, 1356, 22—44. 


Cytokine Storm Syndromes Associated with Epstein—Barr Virus 271 


44. 


45. 


46. 


47. 


48. 


49. 


50. 


5L: 


JA 


IN 


54. 


55. 


56. 


a 


58. 


59, 


60. 


61. 


62. 


Callan, M. F., Fazou, C., Yang, H., Rostron, T., Poon, K., Hatton, C., et al. (2000). CD8(+) 
T-cell selection, function, and death in the primary immune response in vivo. The Journal of 
Clinical Investigation, 106, 1251—1261. 

Amyes, E., Hatton, C., Montamat-Sicotte, D., Gudgeon, N., Rickinson, A. B., McMichael, 
A. J., et al. (2003). Characterization of the CD4+ T cell response to Epstein-Barr virus during 
primary and persistent infection. The Journal of Experimental Medicine, 198, 903—911. 
Long, H. M., Chagoury, O. L., Leese, A. M., Ryan, G. B., James, E., Morton, L. T., et al. 
(2013). MHC II tetramers visualize human CD4+ T cell responses to Epstein-Barr virus 
infection and demonstrate atypical kinetics of the nuclear antigen EBNAI response. The 
Journal of Experimental Medicine, 210, 933—949. 

Petrara, M. R., Freguja, R., Gianesin, K., Zanchetta, M., & De Rossi, A. (2013). Epstein-Barr 
virus-driven lymphomagenesis in the context of human immunodeficiency virus type | infec- 
tion. Frontiers in Microbiology, 4, 311. 

Rooney, C. M., Smith, C. A., Ng, C. Y., Loftin, S. K., Sixbey, J. W., Gan, Y., et al. (1998). 
Infusion of cytotoxic T cells for the prevention and treatment of Epstein-Barr virus-induced 
lymphoma in allogeneic transplant recipients. Blood, 92, 1549-1555. 

Haque, T., Wilkie, G. M., Jones, M. M., Higgins, C. D., Urquhart, G., Wingate, P., et al. 
(2007). Allogeneic cytotoxic T-cell therapy for EBV-positive posttransplantation lymphop- 
roliferative disease: Results of a phase 2 multicenter clinical trial. Blood, 110, 1123-1131. 
Hadinoto, V., Shapiro, M., Sun, C. C., & Thorley-Lawson, D. A. (2009). The dynamics of 
EBV shedding implicate a central role for epithelial cells in amplifying viral output. PLoS 
Pathogens, 5, e1000496. 

Thorley-Lawson, D. A. (2015). EBV persistence—introducing the virus. Current Topics in 
Microbiology and Immunology, 390, 151-209. 

Laichalk, L. L., Hochberg, D., Babcock, G. J., Freeman, R. B., & Thorley-Lawson, D. A. 
(2002). The dispersal of mucosal memory B cells: Evidence from persistent EBV infection. 
Immunity, 16, 745-754. 

Callan, M. F., Tan, L., Annels, N., Ogg, G. S., Wilson, J. D., O'Callaghan, C. A., et al. (1998). 
Direct visualization of antigen-specific CD8+ T cells during the primary immune response to 
Epstein-Barr virus in vivo. The Journal of Experimental Medicine, 187, 1395-1402. 

Alfieri, C., Ghibu, F., & Joncas, J. H. (1984). Lytic, nontransforming Epstein-Barr virus 
(EBV) from a patient with chronic active EBV infection. Canadian Medical Association 
Journal, 131, 1249-1252. 

Alfieri, C., & Joncas, J. H. (1987). Biomolecular analysis of a defective nontransforming 
Epstein-Barr virus (EBV) from a patient with chronic active EBV infection. Journal of 
Virology, 61, 3306-3309. 

Cohen, J. I. (2009). Optimal treatment for chronic active Epstein-Barr virus disease. Pediatric 
Transplantation, 13, 393-396. 

Katano, H., Ali, M. A., Patera, A. C., Catalfamo, M., Jaffe, E. S., Kimura, H., et al. (2004). 
Chronic active Epstein-Barr virus infection associated with mutations in perforin that impair 
its maturation. Blood, 103, 1244—1252. 

Kasahara, Y., Yachie, A., Takei, K., Kanegane, C., Okada, K., Ohta, K., et al. (2001). Differential 
cellular targets of Epstein-Barr virus (EBV) infection between acute EBV-associated hemo- 
phagocytic lymphohistiocytosis and chronic active EBV infection. Blood, 98, 1882—1888. 
Scott, R. B. (1939). Leukopenic myelosis: (section of medicine). Proceedings of the Royal 
Society of Medicine, 32, 1429-1434. 

Daum, G. S., Sullivan, J. L., Ansell, J., Mulder, C., & Woda, B. A. (1987). Virus-associated 
hemophagocytic syndrome: Identification of an immunoproliferative precursor lesion. 
Human Pathology, 18, 1071—1074. 

Imashuku, S., Hlbi, S., & Todo, S. (1997). Hemophagocytic lymphohistiocytosis in infancy 
and childhood. The Journal of Pediatrics, 130, 352-357. 

George, M. R. (2014). Hemophagocytic lymphohistiocytosis: Review of etiologies and man- 
agement. Journal of Blood Medicine, 5, 69-86. 


212 


63 


64. 


65. 


66. 


67. 


68. 


69. 


70. 


Ti 


[22 


es 


74. 


T5: 


76. 


Tl 


78. 


T9; 


80. 


K. C. Verbist and K. E. Nichols 


Takahashi, S., Oki, J., Miyamoto, A., Koyano, S., Ito, K., Azuma, H., etal. (1999). Encephalopathy 
associated with haemophagocytic lymphohistiocytosis following rotavirus infection. European 
Journal of Pediatrics, 158, 133—137. 

Henter, J. I., Elinder, G., & Ost, A. (1991). Diagnostic guidelines for hemophagocytic lympho- 
histiocytosis. The FHL study Group of the Histiocyte Society. Seminars in Oncology, 18, 29-33. 
Gartner, B. C., Kortmann, K., Schafer, M., Mueller-Lantzsch, N., Sester, U., Kaul, H., et al. 
(2000). No correlation in Epstein-Barr virus reactivation between serological parameters and 
viral load. Journal of Clinical Microbiology, 38, 2458. 

Greiner, T. C., and T. G. Gross. 2004. Atypical immune lymphoproliferations. In Hematology: 
Basic principles and practice, 3rd ed. R. Hoffman, B. Furie, E. J. Benz, Jr., , and P. McGlave, 
eds. Churchill Livingston, Philadelphia. 1449. 

Harrington, D. S., Weisenburger, D. D., & Purtilo, D. T. (1988). Epstein-Barr virus—associ- 
ated lymphoproliferative lesions. Clinics in Laboratory Medicine, 8, 97—118. 

Mroczek, E. C., Weisenburger, D. D., Grierson, H. L., Markin, R., & Purtilo, D. T. (1987). 
Fatal infectious mononucleosis and virus-associated hemophagocytic syndrome. Archives of 
Pathology & Laboratory Medicine, 111, 530-535. 

Chen, J. H., Fleming, M. D., Pinkus, G. S., Pinkus, J. L., Nichols, K. E., Mo, J. Q., et al. 
(2010). Pathology of the liver in familial hemophagocytic lymphohistiocytosis. The American 
Journal of Surgical Pathology, 34, 852-867. 

Seemayer, T. A., Gross, T. G., Hinrichs, S. H., & Egeler, R. M. (1994). Massive diffuse histio- 
cytic myocardial infiltration in Epstein-Barr virus-associated hemophagocytic syndrome and 
fulminant infectious mononucleosis. Cell Vision, 1, 260. 

Purtilo, D. T., Cassel, C., & Yang, J. P. (1974). Letter: Fatal infectious mononucleosis in famil- 
ial lymphohistiocytosis. The New England Journal of Medicine, 291, 736. 

Purtilo, D. T., Cassel, C. K., Yang, J. P., & Harper, R. (1975). X-linked recessive progressive 
combined variable immunodeficiency (Duncan's disease). Lancet, 1, 935—940. 

Seemayer, T. A., Gross, T. G., Egeler, R. M., Pirruccello, S. J., Davis, J. R., Kelly, C. M., 
et al. (1995). X-linked lymphoproliferative disease: Twenty-five years after the discovery. 
Pediatric Research, 38, 411—478. 

Talaat, K. R., Rothman, J. A., Cohen, J. IL., Santi, M., Choi, J. K., Guzman, M., et al. (2009). 
Lymphocytic vasculitis involving the central nervous system occurs in patients with X-linked 
lymphoproliferative disease in the absence of Epstein-Barr virus infection. Pediatric Blood & 
Cancer, 53, 1120-1123. 

Booth, C., Gilmour, K. C., Veys, P., Gennery, A. R., Slatter, M. A., Chapel, H., et al. (2011). 
X-linked lymphoproliferative disease due to SAP/SH2D1A deficiency: A multicenter study 
on the manifestations, management and outcome of the disease. Blood, 117, 53—62. 

Sumegi, J., Huang, D., Lanyi, A., Davis, J. D., Seemayer, T. A., Maeda, A., et al. (2000). 
Correlation of mutations of the SH2DIA gene and epstein-barr virus infection with clinical 
phenotype and outcome in X-linked lymphoproliferative disease. Blood, 96, 3118-3125. 
Nichols, K. E., Harkin, D. P., Levitz, S., Krainer, M., Kolquist, K. A., Genovese, C., etal. (1998). 
Inactivating mutations in an SH2 domain-encoding gene in X-linked lymphoproliferative 
syndrome. Proceedings of the National Academy of Sciences of the United States of America, 
95, 13765-13770. 

Nichols, K. E., Ma, C. S., Cannons, J. L., Schwartzberg, P. L., & Tangye, S. G. (2005). 
Molecular and cellular pathogenesis of X-linked lymphoproliferative disease. Immunological 
Reviews, 203, 180-199. 

Coffey, A. J., Brooksbank, R. A., Brandau, O., Oohashi, T., Howell, G. R., Bye, J. M., et al. 
(1998). Host response to EBV infection in X-linked lymphoproliferative disease results from 
mutations in an SH2-domain encoding gene. Nature Genetics, 20, 129-135. 

Gifford, C. E., Weingartner, E., Villanueva, J., Johnson, J., Zhang, K., Filipovich, A. H., 
et al. (2014). Clinical flow cytometric screening of SAP and XIAP expression accurately 
identifies patients with SH2D1A and XIAP/BIRC4 mutations. Cytometry. Part B, Clinical 
Cytometry, 86, 263-271. 


Cytokine Storm Syndromes Associated with Epstein—Barr Virus 273 


81 


82. 


83. 


84. 


85. 


86. 


87. 


88. 


89. 


90. 


9l: 


92. 


93. 


94. 


9: 


96. 


97. 


98. 


Cohen, J. I. (2015). Primary immunodeficiencies associated with EBV disease. Current 
Topics in Microbiology and Immunology, 390, 241-265. 

Tangye, S. G., Palendira, U., & Edwards, E. S. (2017). Human immunity against EBV-lessons 
from the clinic. The Journal of Experimental Medicine, 214, 269—283. 

Ruffo, E., Malacarne, V., Larsen, S. E., Das, R., Patrussi, L., Wulfing, C., et al. (2016). 
Inhibition of diacylglycerol kinase alpha restores restimulation-induced cell death and 
reduces immunopathology in XLP-1. Science Translational Medicine, 8, 321ra327. 

Czar, M. J., Kersh, E. N., Mijares, L. A., Lanier, G., Lewis, J., Yap, G., et al. (2001). Altered 
lymphocyte responses and cytokine production in mice deficient in the X-linked lympho- 
proliferative disease gene SH2D1A/DSHP/SAP. Proceedings of the National Academy of 
Sciences of the United States of America, 98, 1449—7454. 

Coquet, J. M., Chakravarti, S., Kyparissoudis, K., McNab, F. W., Pitt, L. A., McKenzie, 
B. S., et al. (2008). Diverse cytokine production by NKT cell subsets and identification of an 
IL-17-producing CD4-NK1.1- NKT cell population. Proceedings of the National Academy 
of Sciences of the United States of America, 105, 11287-11292. 

Rigaud, S., Fondaneche, M. C., Lambert, N., Pasquier, B., Mateo, V., Soulas, P., et al. (2006). 
XIAP deficiency in humans causes an X-linked lymphoproliferative syndrome. Nature, 444, 
110-114. 

Filipovich, A. H., Zhang, K., Snow, A. L., & Marsh, R. A. (2010). X-linked lymphoprolifera- 
tive syndromes: Brothers or distant cousins? Blood, 116, 3398—3408. 

Marsh, R. A., Madden, L., Kitchen, B. J., Mody, R., McClimon, B., Jordan, M. B., et al. (2010). 
XIAP deficiency: A unique primary immunodeficiency best classified as X-linked familial 
hemophagocytic lymphohistiocytosis and not as X-linked lymphoproliferative disease. Blood, 
116, 1079-1082. 

Pachlopnik Schmid, J., Canioni, D., Moshous, D., Touzot, F., Mahlaoui, N., Hauck, F., et al. 
(2011). Clinical similarities and differences of patients with X-linked lymphoproliferative syn- 
drome type 1 (XLP-1/SAP deficiency) versus type 2 (XLP-2/XIAP deficiency). Blood, 117, 
1522-1529. 

Wong, W. W., Vince, J. E., Lalaoui, N., Lawlor, K. E., Chau, D., Bankovacki, A., et al. (2014). 
cIAPs and XIAP regulate myelopoiesis through cytokine production in an RIPKI- and 
RIPK3-dependent manner. Blood, 123, 2562-2572. 

Lawlor, K. E., Khan, N., Mildenhall, A., Gerlic, M., Croker, B. A., D'Cruz, A. A., et al. 
(2015). RIPK3 promotes cell death and NLRP3 inflammasome activation in the absence of 
MLKL. Nature Communications, 6, 6282. 

Lawlor, K. E., Feltham, R., Yabal, M., Conos, S. A., Chen, K. W., Ziehe, S., et al. (2017). 
XIAP loss triggers RIPK3- and caspase-8-driven [L-1beta activation and cell death as a con- 
sequence of TLR-MyD88-induced cIAP1-TRAF2 degradation. Cell Reports, 20, 668—682. 
Huck, K., Feyen, O., Niehues, T., Ruschendorf, F., Hubner, N., Laws, H. J., et al. (2009). 
Girls homozygous for an IL-2-inducible T cell kinase mutation that leads to protein deficiency 
develop fatal EBV-associated lymphoproliferation. The Journal of Clinical Investigation, 119, 
1350-1358. 

Andreotti, A. H., Schwartzberg, P. L., Joseph, R. E., & Berg, L. J. (2010). T-cell signaling regu- 
lated by the Tec family kinase, Itk. Cold Spring Harbor Perspectives in Biology, 2, a002287. 
Schaeffer, E. M., Debnath, J., Yap, G., McVicar, D., Liao, X. C., Littman, D. R., et al. (1999). 
Requirement for Tec kinases RIk and Itk in T cell receptor signaling and immunity. Science, 
284, 638-641. 

Mueller, C., & August, A. (2003). Attenuation of immunological symptoms of allergic asthma 
in mice lacking the tyrosine kinase ITK. Journal of Immunology, 170, 5056-5063. 

Fowell, D. J., Shinkai, K., Liao, X. C., Beebe, A. M., Coffman, R. L., Littman, D. R., et al. 
(1999). Impaired NFATc translocation and failure of Th2 development in Itk-deficient CD4+ 
T cells. Immunity, 11, 399-409. 

Korn, T., Bettelli, E., Oukka, M., & Kuchroo, V. K. (2009). IL-17 and Th17 cells. Annual 
Review of Immunology, 27, 485-517. 


274 


99; 


100. 


101. 


102. 


103. 


104. 


105. 


106. 


107. 


108. 


109. 


110. 


111. 


112. 


H: 


114. 


115. 


116. 


117. 


K. C. Verbist and K. E. Nichols 


Li, F. Y., Chaigne-Delalande, B., Su, H., Uzel, G., Matthews, H., & Lenardo, M. J. (2014). 
XMEN disease: A new primary immunodeficiency affecting Mg2+ regulation of immunity 
against Epstein-Barr virus. Blood, 123, 2148-2152. 

Ravell, J., Chaigne-Delalande, B., & Lenardo, M. (2014). X-linked immunodeficiency with 
magnesium defect, Epstein-Barr virus infection, and neoplasia disease: A combined immune 
deficiency with magnesium defect. Current Opinion in Pediatrics, 26, 713-719. 

Grubbs, R. D., & Maguire, M. E. (1987). Magnesium as a regulatory cation: Criteria and 
evaluation. Magnesium, 6, 113—127. 

Chaigne-Delalande, B., Li, F. Y., O'Connor, G. M., Lukacs, M. J., Jiang, P., Zheng, L., et al. 
(2013). Mg2+ regulates cytotoxic functions of NK and CD8 T cells in chronic EBV infection 
through NKG2D. Science, 341, 186-191. 

Cohen, J. I. (2000). Epstein-Barr virus infection. The New England Journal of Medicine, 343, 
481-492. 

McGowan Jr., J. E., Chesney, P. J., Crossley, K. B., & LaForce, F. M. (1992). Guidelines for 
the use of systemic glucocorticosteroids in the management of selected infections. Working 
group on steroid use, antimicrobial agents committee, infectious diseases society of America. 
The Journal of Infectious Diseases, 165, 1-13. 

Pagano, J. S., Sixbey, J. W., & Lin, J. C. (1983). Acyclovir and Epstein-Barr virus infection. 
The Journal of Antimicrobial Chemotherapy, 12(Suppl B), 113-121. 

Heslop, H. E. (2009). How I treat EBV lymphoproliferation. Blood, 114, 4002—4008. 
Heslop, H. E., Slobod, K. S., Pule, M. A., Hale, G. A., Rousseau, A., Smith, C. A., et al. 
(2010). Long-term outcome of EBV-specific T-cell infusions to prevent or treat EB V-related 
lymphoproliferative disease in transplant recipients. Blood, 115, 925—935. 

Imashuku, S., Hibi, S., Fujiwara, F., [kushima, S., & Todo, S. (1994). Haemophagocytic 
lymphohistiocytosis, interferon-gamma-naemia and Epstein-Barr virus involvement. British 
Journal of Haematology, 88, 656—658. 

Jordan, M. B., Allen, C. E., Weitzman, S., Filipovich, A. H., & McClain, K. L. (2011). 
How I treat hemophagocytic lymphohistiocytosis. Blood, 118, 4041-4052. 

Imashuku, S., Hibi, S., Tabata, Y., Sako, M., Sekine, Y., Hirayama, K., et al. (1998). Biomarker 
and morphological characteristics of Epstein-Barr virus-related hemophagocytic lymphohis- 
tiocytosis. Medical and Pediatric Oncology, 31, 131-137. 

Han, X. C., Ye, Q., Zhang, W. Y., Tang, Y. M., Xu, X. J., & Zhang, T. (2017). Cytokine 
profiles as novel diagnostic markers of Epstein-Barr virus-associated hemophagocytic 
lymphohistiocytosis in children. Journal of Critical Care, 39, 72—171. 

Rood, J. E., Rao, S., Paessler, M., Kreiger, P. A., Chu, N., Stelekati, E., et al. (2016). ST2 
contributes to T-cell hyperactivation and fatal hemophagocytic lymphohistiocytosis in mice. 
Blood, 127, 426-435. 

Lotz, M., Tsoukas, C. D., Fong, S., Dinarello, C. A., Carson, D. A., & Vaughan, J. H. (1986). 
Release of lymphokines after Epstein Barr virus infection in vitro. I. Sources of and kinetics 
of production of interferons and interleukins in normal humans. Journal of Immunology, 136, 
3636-3642. 

Gosselin, J., Flamand, L., D'Addario, M., Hiscott, J., & Menezes, J. (1992). Infection of 
peripheral blood mononuclear cells by herpes simplex and Epstein-Barr viruses. Differential 
induction of interleukin 6 and tumor necrosis factor-alpha. The Journal of Clinical 
Investigation, 89, 1849-1856. 

Gosselin, J., Menezes, J., D'Addario, M., Hiscott, J., Flamand, L., Lamoureux, G., et al. 
(1991). Inhibition of tumor necrosis factor-alpha transcription by Epstein-Barr virus. 
European Journal of Immunology, 21, 203—208. 

Roberge, C. J., McColl, S. R., Larochelle, B., & Gosselin, J. (1998). Granulocyte-macrophage 
colony-stimulating factor enhances EBV-induced synthesis of chemotactic factors in human 
neutrophils. Journal of Immunology, 160, 2442—2448. 

Roberge, C. J., Poubelle, P. E., Beaulieu, A. D., Heitz, D., & Gosselin, J. (1996). The IL-1 
and IL-1 receptor antagonist (IL-1Ra) response of human neutrophils to EBV stimulation. 
Preponderance of IL-Ra detection. Journal of Immunology, 156, 4884—4891. 


Cytokine Storm Syndromes Associated with Epstein—Barr Virus 213 


118. 


119. 


120. 


121. 


122: 


123. 


124. 


125. 


126. 


127. 


128. 


129. 


130. 


131. 


132. 


I3: 


134. 


135. 


Larochelle, B., Flamand, L., Gourde, P., Beauchamp, D., & Gosselin, J. (1998). Epstein-Barr 
virus infects and induces apoptosis in human neutrophils. Blood, 92, 291-299. 

Linde, A., Andersson, B., Svenson, S. B., Ahrne, H., Carlsson, M., Forsberg, P., et al. (1992). 
Serum levels of lymphokines and soluble cellular receptors in primary Epstein-Barr virus 
infection and in patients with chronic fatigue syndrome. The Journal of Infectious Diseases, 
165, 994—1000. 

Hornef, M. W., Wagner, H. J., Kruse, A., & Kirchner, H. (1995). Cytokine production in 
a whole-blood assay after Epstein-Barr virus infection in vivo. Clinical and Diagnostic 
Laboratory Immunology, 2, 209-213. 

Setsuda, J., Teruya-Feldstein, J., Harris, N. L., Ferry, J. A., Sorbara, L., Gupta, G., et al. 
(1999). Interleukin-18, interferon-gamma, IP-10, and Mig expression in Epstein-Barr 
virus-induced infectious mononucleosis and posttransplant lymphoproliferative disease. 
The American Journal of Pathology, 155, 257-265. 

Marshall, N. A., Culligan, D. J., Johnston, P. W., Millar, C., Barker, R. N., & Vickers, M. A. 
(2007). CD4(+) T-cell responses to Epstein-Barr virus (EBV) latent membrane protein 1 in 
infectious mononucleosis and EBV-associated non-Hodgkin lymphoma: Th1 in active disease 
but Trl in remission. British Journal of Haematology, 139, 81-89. 

Steigerwald-Mullen, P., Kurilla, M. G., & Braciale, T. J. (2000). Type 2 cytokines predomi- 
nate in the human CD4(+) T-lymphocyte response to Epstein-Barr virus nuclear antigen 1. 
Journal of Virology, 74, 6748-6759. 

Imashuku, S., Kuriyama, K., Teramura, T., Ishii, E., Kinugawa, N., Kato, M., et al. (2001). 
Requirement for etoposide in the treatment of Epstein-Barr virus-associated hemophagocytic 
lymphohistiocytosis. Journal of Clinical Oncology, 19, 2665—2673. 

Imashuku, S. (2011). Treatment of Epstein-Barr virus-related hemophagocytic lympho- 
histiocytosis (EBV-HLH); update 2010. Journal of Pediatric Hematology/Oncology, 33, 
35-39. 

Abella, E. M., Artrip, J., Schultz, K., & Ravindranath, Y. (1997). Treatment of familial 
erythrophagocytic lymphohistiocytosis with cyclosporine a. The Journal of Pediatrics, 130, 
467-470. 

Perel, Y., Alos, N., Ansoborlo, S., Carrere, A., & Guillard, J. M. (1997). Dramatic efficacy 
of antithymocyte globulins in childhood EBV-associated haemophagocytic syndrome. Acta 
Paediatrica, 56, 911. 

Marsh, R. A., Allen, C. E., McClain, K. L., Weinstein, J. L., Kanter, J., Skiles, J., et al. (2013). 
Salvage therapy of refractory hemophagocytic lymphohistiocytosis with alemtuzumab. 
Pediatric Blood & Cancer, 60, 101—109. 

Keith, M. P., Pitchford, C., & Bernstein, W. B. (2012). Treatment of hemophagocytic lym- 
phohistiocytosis with alemtuzumab in systemic lupus erythematosus. Journal of Clinical 
Rheumatology, 18, 134-137. 

Patton, L. L., Ramirez-Amador, V., Anaya-Saavedra, G., Nittayananta, W., Carrozzo, M., & 
Ranganathan, K. (2013). Urban legends series: Oral manifestations of HIV infection. Oral 
Diseases, 19, 533—550. 

Gianti, E., Messick, T. E., Lieberman, P. M., & Zauhar, R. J. (2016). Computational analysis 
of EBNAI "druggability" suggests novel insights for Epstein-Barr virus inhibitor design. 
Journal of Computer-Aided Molecular Design, 30, 285-303. 

Thompson, S., Messick, T., Schultz, D. C., Reichman, M., & Lieberman, P. M. (2010). 
Development of a high-throughput screen for inhibitors of Epstein-Barr virus EBNAI. 
Journal of Biomolecular Screening, 15, 1107-1115. 

Behrens, E. M., & Koretzky, G. A. (2017). Review: Cytokine storm syndrome: Looking 
toward the precision medicine era. Arthritis & Rhematology, 69, 1135-1143. 

Horne, A., Janka, G., Maarten Egeler, R., Gadner, H., Imashuku, S., Ladisch, S., et al. (2005). 
Haematopoietic stem cell transplantation in haemophagocytic lymphohistiocytosis. British 
Journal of Haematology, 129, 622—630. 

Filipovich, A. H. (2005). Life-threatening hemophagocytic syndromes: Current outcomes 
with hematopoietic stem cell transplantation. Pediatric Transplantation, 9(Suppl 7), 87-91. 


216 K. C. Verbist and K. E. Nichols 


136. Miettunen, P. M., Narendran, A., Jayanthan, A., Behrens, E. M., & Cron, R. Q. (2011). 
Successful treatment of severe paediatric rheumatic disease-associated macrophage activation 
syndrome with interleukin-1 inhibition following conventional immunosuppressive therapy: 
Case series with 12 patients. Rheumatology (Oxford), 50, 417-419. 

137. Baker, K. F, & Isaacs, J. D. (2017). Novel therapies for immune-mediated inflammatory 
diseases: What can we learn from their use in rheumatoid arthritis, spondyloarthritis, 
systemic lupus erythematosus, psoriasis, Crohn's disease and ulcerative colitis? Annals of the 
Rheumatic Diseases, 77(2), 175-187. 

138. Broglie, L., Pommert, L., Rao, S., Thakar, M., Phelan, R., Margolis, D., et al. (2017). 
Ruxolitinib for treatment of refractory hemophagocytic lymphohistiocytosis. Blood Advances, 1, 
1533-1536. 


Cytokine Storm Syndrome Associated ÁA 


with Hemorrhagic Fever and Other Viruses sss 


Ethan S. Sen and A. V. Ramanan 


Introduction 


Cytokine storm syndrome (CSS) results from the failure to regulate appropriately the 
immune response with particular dysfunction of cytotoxic T cells and NK cells [1]. A 
potent trigger for activation of these cells is infection, and particularly viral infec- 
tions, in subjects both with and without genetic mutations associated with primary 
HLH (pHLH) [2]. The most common viral infection triggering CSS is Epstein—Barr 
virus (EBV) and was the cause in 74% of children in whom an infectious agent was 
identified from a cohort of 219 with infection-associated CSS [3]. CSS associated 
with EBV and other herpes viruses are discussed elsewhere and the focus of this 
chapter will be other viruses, including hemorrhagic fever viruses [4]. In order to 
diagnose virus-associated HLH, presence of the pathogen should be confirmed by 
serology (paired acute and convalescent samples) or specific viral polymerase chain 
reaction (PCR) testing of blood or tissue. Other infectious or noninfectious causes of 
secondary HLH would also need to be excluded, although in cases of severe or life- 
threatening CSS prompt initiation of immunosuppressive / immunomodulatory treat- 
ment without delay is more important than determination of the underlying etiology. 


Viral Hemorrhagic Fevers 


The viral hemorrhagic fevers (VHFs) are caused by viruses belonging to one of five 
families: Arenaviridae, Bunyaviridae, Filoviridae, Falviviridae, and Togaviridae [5, 
6]. They are all RNA viruses and require a nonhuman vertebrate or insect host to 
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provide a natural reservoir. Initial infection occurs when humans come into contact 
with a host but subsequently human-to-human transmission of some of these viruses 
does occur. Typical presenting features include fever, dizziness, fatigue, muscle 
aches and weakness. Frequently VHFs occur as outbreaks or epidemics. The viruses 
and infections they cause are summarized in Table 1. 

A systematic review of sHLH in zoonoses conducted in 2012 and covering studies 
published between 1950 and 2012 identified reports of HLH associated with Crimean- 
Congo hemorrhagic fever (CCHF) and hantaviruses [7]. Multiple cases of sHLH linked 
to dengue [8-39], Chikungunya [40], CCHF [41-43], hantavirus [44], and severe fever 
with thrombocytopenia syndrome (Bunyavirus) [45—47] have been described. 

Dengue is a relatively common tropical infection [48] and may progress to more 
severe forms: dengue hemorrhagic fever (DHF) and dengue shock syndrome (DSS). 
DHF is defined as dengue infection accompanied by fever lasting 2—7 days, hemor- 
rhagic tendencies, thrombocytopenia and evidence of plasma leakage due to increased 
vascular permeability [49]. DSS is classified as DHF plus evidence of circulatory 
failure. The primary aspects of management are supportive with fluids and blood 


Table 1 Viral hemorrhagic fever viruses and their associated diseases 


Virus family | Host Examples Disease 
Arenaviridae | Rodents—Spread Junin virus Argentine hemorrhagic 
through contact with fever 
excrement ‘Lassa virus Lassa fever 
Lujo virus Lujo hemorrhagic fever 
Bunyaviridae | Arthropods (ticks, Phlebovirus—Rift valley | Rift valley fever 


mosquitoes, sand flies) fever virus 

and rodents 

Ticks Nairovirus—Crimean- Crimean-Congo 
Congo hemorrhagic fever | hemorrhagic fever 
virus 


Rodents Hantavirus—Hantaan Hemorrhagic fever with 
virus renal syndrome (HFRS) 
Sin Nombre virus Hantavirus pulmonary 
syndrome (HPS) 
Filoviridae | Fruit bats, Rousettus bats | Marburgvirus Marburg hemorrhagic 
fever 
Fruit bats, primates Ebolavirus Ebola hemorrhagic fever 
Flaviviridae | Mosquitoes Yellow fever virus Yellow fever 
Mosquitoes Dengue virus Dengue fever, dengue 
hemorrhagic fever 
Mosquitoes Japanese encephalitis virus | Japanese encephalitis 
Mosquitoes West Nile virus West Nile fever 
Mosquitoes Zika virus Zika 
Ticks Tick-borne encephalitis Tick-borne encephalitis 
virus 
Togaviridae Chikungunya virus Chikungunya 


Adapted from [5, 6] 
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products as required [50]. Corticosteroids have been used; however, there has been 
uncertainty among clinicians about the efficacy and safety of corticosteroids in treat- 
ment of dengue with some considering them harmful [51]. An RCT of oral predniso- 
lone (0.5 mg/kg or 2 mg/kg daily for 3 days) versus placebo, which included 225 
patients with early dengue infection, found no prolongation of viremia or other 
adverse events in the steroid recipients [52]. It was not powered to assess efficacy; 
however, there appeared to be no reduction in the development of shock or other 
dengue-related complications. A Cochrane review published in 2014 which included 
8 RCTs or quasi-randomized studies found the evidence to be of low or very low 
quality and insufficient to conclude whether corticosteroids are of benefit in dengue 
at an early stage or DSS [53]. Others, however, have suggested that the timing of 
steroids and patient selection may be critical [54]. A non-randomized retrospective 
study of adults with DSS with the most severe disease found those given a single 
dose of methylprednisolone (1 g intravenously) as a rescue treatment had a lower 
mortality (13%, 3/13 patients) than those not receiving steroids (47%, 15/32 patients) 
[55]. In these most severely affected cases it may be that patients had developed CSS. 

Dengue has frequently been the trigger for HLH [56]. A large study in India of 
212 patients with dengue identified 31 (14.6%) who developed CSS, including 23 
with evidence of bone marrow hemophagocytosis [29]. In this group of 23 patients, 
19 received IVIg and all recovered. Another study from Kolkata, India, reported 8 
patients (2.2%) with HLH of 358 with dengue during the outbreak in 2012 [27]. The 
8 cases received supportive therapy, blood component transfusions as required and 
parenteral dexamethasone (10 mg/m? in 3-4 divided doses/day) until hemodynami- 
cally stable before switching to oral tapering treatment for 21 days. IVIg (1 g/kg) 
was used in one patient as rescue therapy after failing to respond to 48 h of steroids. 
The patients with HLH were distinguished by persistence of fever for more than 
7 days together with prolonged or progressive cytopenias, organomegaly, and sterile 
cultures. In a series of 33 children with HLH from Chennai, India, an infectious 
etiology was identified in 14 and specifically dengue in 5 [57]. 

Using a case-control design comparing patients with dengue who developed 
HLH (cases, n = 22) with patients with dengue without HLH (controls, n = 88), one 
study found cases had a younger age (median 1 vs. 13 years, p < 0.01), more fre- 
quent coinfection (18.2% vs. 4.5%, p = 0.04), and longer duration of fever (7 vs. 
5 days, p < 0.01) [15]. Several studies have suggested testing for laboratory markers 
of HLH in cases of dengue, in particular ferritin, sCD163, and sCD25 [9, 10]. Ina 
cohort of 208 patients with dengue, ferritin and sCD163 were significantly increased 
in patients with severe dengue. A report including patients with dengue during an 
outbreak on Aruba in the Caribbean found that levels of ferritin were significantly 
higher in patients with dengue compared with other febrile illnesses [58]. In another 
cohort of dengue-infected patients in Brazil, hyperferritinemia was associated with 
disease severity and a pro-inflammatory cytokine profile [58]. 

The features of severe dengue infection, as seen in dengue hemorrhagic fever or 
dengue shock syndrome, overlap with HLH suggesting a similar pathogenesis 
involving overactivation of the immune system leading to a hypercytokinemia [58, 
59]. These features also seem to be shared in some cases of CCHF [41, 43]. One 
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reported a 14-year-old boy from Turkey with CCHF associated with leukopenia, 
thrombocytopenia, hypertriglyceridemia, hyperferritinemia and bone marrow 
hemophagocytosis. The pathogenesis of viral hemorrhagic fevers may overlap with 
CSS. A report of 5 patients with CCHF treated with high dose intravenous methyl- 
prednisolone (IVMP) suggested resolution of fever, increase in leukocyte and plate- 
let counts and clinical improvement within 5 days of treatment [60]. Another study 
reported outcomes in 12 patients with CCHF treated with IVMP (up to 30 mg/kg/ 
day), fresh frozen plasma (FFP), and intravenous immunoglobulin (IVIg) [61]. The 
treatment appeared to be successful with reduction of fever within 2 days, white cell 
count above 4500/uL in 4 days and platelets above 150,000/uL in 9 days. Finally, it 
has been suggested that Ebola outbreaks share many features of CSS [62—64]. 

While the VHFs represent an important group of viruses associated with CSS, a 
host of other viruses more commonly seen in North America and Europe can also 
trigger hemophagocytic syndromes. 


Nonhemorrhagic Fever Viruses 


A wide range of viruses other than those discussed above have been associated with 
CSS. These are summarized in Table 2 and reviewed in more detail below. 


Influenza and Parainfluenza 


CSS has been identified in association with seasonal influenza [65, 86—89], influenza 
A (H5N1, “avian flu”) [90, 91], and pandemic influenza A (H1N1, 2009 “swine flu”) 
infection [92—100]. In some cases, patients were immunocompromised or had addi- 
tional risk factors such as leukemia [86, 97, 98], post-bone marrow transplantation 
for lymphoma [93], genetic predisposition [101], or cystic fibrosis [99]. However, 
CSS developed in previously healthy individuals following influenza HIN1 and 
H5N1 leading to death in both adults [95] and children [91, 100, 102]. A case of 
HLH following influenza vaccination in a patient with aplastic anemia undergoing 
allogeneic bone marrow transplantation has also been documented [103]. 

During the 2009 influenza HIN1 pandemic, a center in Germany conducted a 
prospective observational study of 25 critically ill patients with the infection [66]. 
All developed severe acute respiratory distress syndrome and hypoxemia and were 
mechanically ventilated. HLH was diagnosed based on the presence of three of four 
major criteria (fever, cytopenia, hepatitis, or splenomegaly) and at least one minor 
criterion (evidence of hemophagocytosis in bone marrow samples or increase in 
serum level of sIL-2R« or ferritin, respectively). Nine (36%) of 25 patients met 
these criteria and eight (89%) of them died, compared with 4 (25%) of 16 patients 
without HLH. Six of the patients with HLH were treated (four with etoposide and 
dexamethasone, two with steroids alone) but the other three were moribund at the 
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Table 2 Nonhemorrhagic fever viruses associated with cytokine storm syndromes 


Virus 


Influenza 
Parainfluenza 


Adenovirus 


Parvovirus 


Hepatitis viruses 


Measles 


Mumps 


Rubella 


Enterovirus 


Parechovirus 


Rotavirus 


Human 
T-lymphotropic 
virus 


Clinical associations 


Pneumonia, myocarditis, 
encephalitis, myositis 
Croup, bronchiolitis, 
pneumonia 


Upper respiratory tract 
infection, pneumonia, 
conjunctivitis, gastroenteritis, 
hepatitis, myocarditis, 
encephalitis 

“Slapped cheek syndrome’”’/ 
fifth disease, aplastic crisis, 
arthropathy, hepatitis, 
myocarditis 

Hepatitis, arthritis, 
leukocytoclastic vasculitis 


Interstitial pneumonia, 
encephalitis, 
thrombocytopenic purpura 
Parotitis, pancreatitis, 
orchitis, meningitis, 
encephalitis 

Arthralgia, arthritis, 
encephalitis, congenital 
rubella syndrome 


Respiratory and 
gastrointestinal infections, 
pancreatitis, meningitis, 
encephalitis, neonatal sepsis, 
Sepsis-like illness, 
meningitis, encephalitis, 
hepatitis 

Gastroenteritis, seizures, 
encephalopathy/encephalitis 


Adult T cell leukemia/ 
lymphoma, demyelinating 


disease, autoimmune diseases 


Outcomes 


Mechanical ventilation, recovery 
Recovery 


Recovery, more severe 
manifestations in 
immunocompromised hosts 


Recovery, pure red cell aplasia, 
chronic arthritis, hydrops fetalis, 
chronic fatigue syndrome 


Recovery (hepatitis A), chronic 
hepatitis, cirrhosis, 
hepatocellular carcinoma 
Recovery, subacute sclerosing 
panencephalitis 


Recovery, deafness, sterility 
rarely after orchitis 


Deafness, developmental delay, 
cardiovascular and ocular 
defects in congenital rubella 
syndrome 


Neurological impairment in 
some children after meningitis 


Neurological sequelae in some 
young infants 


Recovery, rarely intussusception 
Tropical spastic paraparesis, 


systemic lupus erythematosus, 
Sj6gren’s syndrome 
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time of diagnosis with HLH and were not considered suitable for treatment. The 
study suggests that CSS/HLH may have been a significant contributor to multiorgan 
failure and death in critically ill patients during the influenza A HIN1 pandemic. 
Reports have indicated that avian influenza A (H5N1) can lead to severe and 
widely disseminated infection outside the respiratory system. In one case, a 
previously healthy nine-year-old Vietnamese girl died following encephalitis and 
coma with virus detected in rectal swabs, serum and cerebrospinal fluid [102]. 
Hemophagocytosis was detected in bone marrow from several patients with H5N1 
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infection [90, 91, 104—106]. In vitro studies indicated that recombinant hemagglutinin 
(H5) from H5N1 influenza suppressed perforin expression and reduced cytotoxicity 
of human CD8* T cells to kill H5-bearing cells [107]. This failure of clearance of 
infected cells could promote lymphoproliferation and hypercytokinemia as seen in 
CSS. Another study measured cytokine levels in a familial group of patients with 
H5N1 influenza in Hong Kong and found particularly high serum concentrations of 
interferon induced protein-10 (also known as CXCL10) and monokine induced by 
interferon y (CXCLY) [108]. Taken together with other in vitro work, the authors 
suggest this hypercytokinemia may contribute to pathogenesis in fatal influenza 
infection. How might these cases be treated? 

Drawing parallels with EBV-associated HLH, Henter et al. proposed a modified 
HLH-94 treatment protocol for influenza A (H5N1)-associated HLH in addition to 
antiviral and supportive therapy [109, 110]. For children, they suggested intrave- 
nous etoposide 150 mg/m? once per week and dexamethasone initially 10 mg/m? 
once daily. They recommended reduced doses of both drugs in patients aged 
15 years or older and advised against upfront use of cyclosporin A (CsA) in all cases 
due to the relative frequency of renal complications in H5N1 infection. 

Influenza B has been suggested as the trigger for HLH in a 24-year-old man with 
systemic lupus erythematosus (SLE) [111]. Several weeks after his initial diagnosis 
of SLE when he presented with a pericardial effusion, he developed fever, erythema- 
tous rash, splenomegaly, hypertriglyceridemia, and ferritin of 95,703 ng/mL. Influenza 
virus B was detected in the patient’s nasal lavage sample and no other infective trig- 
gers for HLH were apparent. His pericardial effusion recurred with progression to 
cardiac tamponade, and he was managed with ventilation and pericardiocentesis. His 
condition initially improved after steroid pulse treatment, but he was started on col- 
chicine | mg/day after reaccumulation of the pericardial fluid. He remained stable on 
low-dose prednisolone and colchicine. The relative contributions of SLE and influ- 
enza infection to pathogenesis of CSS in this case are unclear. While many reports 
have associated influenza with HLH, parainfluenza has been documented once. 

A case of CSS in a 33-year-old Chilean man characterized by fever, evanescent 
rash, hepatosplenomegaly, anemia, thrombocytopenia, hyperferritinemia, and 
hemophagocytosis on bone marrow biopsy was attributed to parainfluenza virus-2 
infection detected by polymerase chain reaction (PCR) testing of respiratory and 
enteric samples [112]. He was treated with etoposide, dexamethasone, and CsA fol- 
lowing the HLH-94 protocol, and he made a complete recovery remaining in remis- 
sion after 2 years of follow-up. 


Adenovirus 


Adenovirus infections are frequent in childhood presenting with respiratory, gastro- 
intestinal, or ocular manifestations [70]. These are usually mild in immunocompe- 
tent hosts but may lead to more severe disease including pneumonia, hepatitis, and 
encephalitis in the immunocompromised. 


Cytokine Storm Syndrome Associated with Hemorrhagic Fever and Other Viruses 283 


CSS has been described in adults and children secondary to adenovirus infec- 
tion [113—124]. It has occurred in previously healthy children with the initial pre- 
sentation of pneumonia [114, 115, 120]. One of the patients was treated with 
dexamethasone and CsA and the other two with IVIg, and all recovered. In a large 
single-center study of HLH in children under 1 year of age, three of four infants 
with adenovirus-associated HLH survived [116]. A case in an adult while receiving 
chemotherapy for a solid tumor has been reported [121]. A young child being 
treated with chemotherapy for Langerhans cell histiocytosis developed recurrent 
viral-associated HLH, in one instance caused by adenovirus [117]. Several cases of 
adenovirus-associated HLH have been reported post-hematopoietic stem cell trans- 
plantation [113], associated with sJIA [119], and in brothers with X-linked agam- 
maglobulinemia [124]. 


Parvovirus 


Parvovirus B19 is the cause of erythema infectiosum (fifth disease or “slapped 
cheek syndrome”), which is common in childhood [71]. In addition to a rash, adults 
more frequently develop arthralgia and myalgia. 

CSS has been reported in adults and children in association with parvovirus B19 
infection [125—132]. One report detailed five previously healthy adults whose disease 
resolved spontaneously [133]. In other cases, the most frequent underlying disease 
was hereditary spherocytosis [4, 128]. Cases of CSS triggered by parvovirus B19 in 
patients with another underlying condition have been reported: post-renal transplant 
[134], post kidney-pancreas transplant [135], B-cell acute lymphoblastic leukemia 
[136], autoimmune hemolytic anemia [137], Evans syndrome (autoimmune hemo- 
lytic anemia and autoimmune thrombocytopenia) [138], and pregnancy [139]. 

Coinfection with parvovirus B19 and another pathogen has been reported in asso- 
ciation with HLH in several cases, including EBV [126, 140] and Klebsiella [141]. 

Among 28 cases of parvovirus-associated HLH, the majority were woman over 
15 years of age, and 22 survived despite 16 of them having no specific treatment 
[142]. This suggests a better prognosis than other forms of viral-associated CSS [4], 
although fatalities and serious complications such as acute myocarditis have been 
reported [143, 144]. Case reports have detailed use of glucocorticoids, IVIg, CsA, 
and anakinra (IL-1 receptor antagonist) in treatment of parvovirus B19-associated 
HLH [145]. 

In some of the cases of HLH attributed to parvovirus B19, viral nucleic acid was 
detected in blood or tissues by PCR. It is known that virus may persist for weeks or 
months, and therefore detection of viral DNA in tissues does not definitively con- 
firm acute infection [71]. The most reliable marker of this 1s detection of virus- 
specific IgM and a fourfold increase or seroconversion of IgG in paired serum 
samples. However, care should be taken in interpretation of serology samples in 
patients after treatment with IVIg. 
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Various hepatitis viruses have been detected in association with CSS. Hepatitis A 
virus is the most-frequently reported [146—157]. Features of fulminant acute viral 
hepatitis may be similar to CSS. Hepatitis A-triggered MAS has been reported in 
several patients with underlying systemic JIA or Still disease [148, 154, 157]. 
Successful treatments for hepatitis A-triggered HLH have included glucocorticoids, 
IVIg [150, 156], and the HLH-2004 etoposide-based protocol [154]. In addition to 
hepatitis A, other hepatitis viruses have also been found to cause HLH. 

Hepatitis B virus has been reported as a potential trigger for CSS [158, 159]. The 
first reported case did not respond to steroids, IVIg, or CsA, but the patient did 
respond to etoposide, although subsequently succumbed to fulminant infection 
[158]. A fatal case of CSS was reported in a patient with the combination of chronic 
active hepatitis B and acute hepatitis C infection despite intensive immunosuppres- 
sive (intravenous methylprednisolone, intravenous CsA, granulocyte-colony stimu- 
lating factor, IVIg, and anti-thymocyte globulin), and supportive treatment [160]. 

CSS was identified in a 60-year-old woman with chronic hepatitis C infection 
[161]. In this case, it was speculated whether the more acute triggers for develop- 
ment of SHLH were the interferon and ribavirin used as treatment for hepatitis C 
virus which were started 3 months before the characteristic features of CSS: fever, 
splenomegaly, coagulopathy, anemia, and thrombocytopenia. 

Hepatitis E is typically a self-limited illness with average duration of 4—6 weeks 
and presenting with fever, nausea, vomiting, abdominal pain, anorexia, hepatomeg- 
aly, and jaundice [162]. CSS associated with hepatitis E infection has been reported 
in a small number of cases [163—165]. In one patient with rheumatoid arthritis, 
MAS developed within 24 h of her fourth tocilizumab infusion. Investigations for 
infections revealed positive serology, and hepatitis E virus RNA was detected in 
blood and stool by PCR [164]. In a second patient, sHLH appeared to be triggered 
by coinfection with hepatitis A and hepatitis E [165]. 


Measles, Mumps, and Rubella Viruses 


CSS has occurred in a small number of cases following measles infection [18, 75, 
76, 166]. In eight of the cases patients developed interstitial pneumonia. The 
reported therapies included supportive treatment alone, intravenous methylpred- 
nisolone, or the HLH-2004 protocol. One case of sHLH following measles vaccina- 
tion has been reported in a 19-month-old girl who developed persistent fever, 
hepatosplenomegaly, pancytopenia, liver dysfunction, and hemophagocytosis 
1 week after vaccination [167]. A second case of suspected sHLH was reported in a 
previously healthy 14-month-old girl following the combined measles, mumps and 
rubella (MMR) vaccination and the authors speculate whether there may have been 
an underlying genetic predisposition [168]. 
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Mumps infection has rarely been associated with CSS [78, 169]. In one case 
from China, a previously healthy 21-year-old male had persistent painful parotid 
gland swelling for 30 days and fever for 15 days together with typical features of 
CSS, including hemophagocytic macrophage infiltration on bone marrow biopsy. 
Anti-mumps virus IgM was positive but testing for bacteria and other viruses in 
peripheral blood was negative. Although there was initial response to high doses of 
methylprednisolone, IVIg, and etoposide, he succumbed 4 weeks after admission. 
In the second case, a 39-year-old female with parotitis and acute pancreatitis fol- 
lowed by features of CSS achieved complete response with corticosteroids. 

Rubella virus-associated HLH has been reported in patients with ages ranging 
from young infants to adults [170—173]. In one case of a 26-year-old woman, serol- 
ogy was positive for both varicella-zoster virus (VZV) IgM and rubella virus [gM 
suggesting dual infection. 


Enterovirus 


Enteroviruses, which include the Coxsackieviruses and echoviruses, can cause a 
wide range of clinical presentations from mild respiratory and gastrointestinal infec- 
tions, and hand-foot-and-mouth disease, to more severe conditions such as pancre- 
atitis, meningitis, encephalitis, and neonatal sepsis [81]. Over 10 cases of 
enterovirus-associated CSS have been reported in the literature [116, 174-181]. One 
case occurred in an adult infected with Coxsackie virus A9 [174]. However, a sig- 
nificant proportion were in neonates or infants [116, 175, 179-181]. A case of verti- 
cal transmission of Coxsackie virus B1 leading to HLH in a 4-day-old neonate was 
reported with virus isolated in the throat and stool, and exclusion of inherited disease 
with normal perforin and CD107a expression [180]. The baby was successfully 
treated with corticosteroids, CsA, and etoposide. A case of fatal HLH was described 
in a 4-month-old infant with liver dysfunction (AST 626 IU/L, ALT 121 IU/L), high 
ferritin (1100 ng/mL), and hemophagocytosis in a liver biopsy [176]. 


Parechovirus 


Virus of the Parechovirus genus are within the family Picornaviridae and were 
previously considered to be within the Enterovirus genus [81]. Human parechovi- 
rus-3 (HPeV-3) in neonates and infants can manifest with a sepsis-like presentation, 
and one publication has reported young infants with fever, rash, leukopenia, throm- 
bocytopenia, and hyperferritinemia [181]. This and other studies have suggested 
that HPeV-3 can cause an HLH-like illness, although the reason why other types of 
HPeV do not seem to cause a similar febrile illness is not clear [82]. 
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Rotavirus 


Rotavirus is one of the leading causes of infectious, dehydrating gastroenteritis in 
children globally with over 200,000 deaths reported annually [84]. CSS associated 
with rotavirus infection has been described in a small number of cases in the pub- 
lished literature [182-184]. In two of the cases there were significant underlying 
conditions. In the first, a 67-year-old man developed rotavirus enteritis | month after 
live-unrelated renal transplantation, and he developed fever, pancytopenia, altered 
consciousness, elevated liver enzymes, hypofibrinogenemia, and hyperferritinemia 
[182]. He also had herpes zoster infection and varicella zoster virus DNA was 
detected in his CSF. Bone marrow analysis confirmed hemophagocytosis, and he 
responded to acyclovir and pulsed methylprednisolone therapy. The second case was 
a 3-year-old child approximately 30 months after allogeneic hematopoietic stem cell 
transplantation for familial HLH [183]. She developed fever, diarrhea and lethargy, 
and she progressed to multiorgan failure meeting six of the HLH criteria on day 2 of 
admission. At this stage, rotavirus antigen was detected in stool and all other bacte- 
rial, viral, and fungal testing was negative. She received high dose corticosteroids 
and IVIg but developed invasive fungal infection and succumbed 4 weeks later. 


Human T-Lymphotropic Virus 


Human T-lymphotropic viruses (HTLVs) belong to the family of retroviruses. 
HTLV type-1 (HTLV-1) is associated with adult T cell leukemia/lymphoma, demy- 
elinating disease, and autoimmune conditions [85]. A case has been reported of a 
woman who was a carrier of HTLV-1 who was diagnosed as having adult T-cell 
leukemia/lymphoma and B cell lymphoma-associated hemophagocytic syndrome 
[185]. HTLV type-3, the cause of AIDS, and its association with CSS is covered in 
a separate chapter in this textbook. 


Conclusion 


Viruses are the single most common infectious trigger for the final common path- 
way resulting in CSS. Identification of the pathogen usually requires serological or 
PCR testing, although caution is required in interpretation of these investigations in 
relation to the timing of the acute infection. In many of the reported cases, develop- 
ment of CSS appeared to be multifactorial involving more than a single infectious 
agent sometimes on a background of genetic predisposition, malignancy, immune 
suppression, or rheumatological disease. In the acute setting of life-threatening 
CSS, determining the etiology is subsidiary to management with multiorgan sup- 
portive therapy and high-dose glucocorticoids. Other than a modified HLH-94 
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treatment protocol for influenza A (H5N1)-associated HLH, there is no evidence 
from controlled trials for a particular treatment regime based on the triggering virus. 
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Cytokine Storm Syndrome ® 


as a Manifestation of Primary HIV efit al 
Infection 


Nathan Erdmann and Sonya L. Heath 


Introduction 


Cytokine storm syndrome (CSS) has a recognized association with HIV/AIDS, 
where profound immune suppression and dysregulation lead to opportunistic infec- 
tions that sometimes trigger fulminant and often fatal inflammation [1, 2]. In these 
late stage presentations, HIV is not the primary instigator of CSS, but rather pro- 
vides a host susceptible to a pathogen capable of precipitating CSS. This is in con- 
trast to CSS associated with primary HIV. Primary HIV infection has been 
recognized as a cause of CSS, with reports dating from 1992 [3]. As detailed in this 
chapter, primary HIV infection is capable of instigating a profound inflammatory 
cascade that often meets the criteria for macrophage activation syndrome. However, 
unlike many other manifestations of CSS, presentations associated with primary 
HIV have excellent outcomes when recognized and treated urgently with HIV 
therapeutics. 


Primary HIV Infection 


Primary HIV infection is characterized by very high viral loads (100,000- > 10 mil- 
lion copies of HIV RNA/mL) peaking 10-14 days after transmission. The host 
immune response eventually controls plasma viremia to lower levels (usually 10,000 
to 100,000 HIV RNA copies/mL), coinciding with the emergence of HIV-specific T 
cells. While not all patients infected with HIV have symptoms during this acute 
phase, it is estimated that 50-80% of patients have some form of acute retroviral 
syndrome (ARS). ARS is characterized by a nonspecific flu-like syndrome 
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including high fever, lymphadenopathy, acute pharyngitis, myalgia, and diffuse 
maculopapular rash. Some patients also develop gastrointestinal symptoms includ- 
ing diarrhea, or central nervous symptoms including headache, meningismus, and 
altered mental status. Clinically, acute retroviral syndrome manifest with cytopenias 
including leukopenia with lymphopenia, anemia, and thrombocytopenia, as well as 
transaminitis, elevated creatinine kinase, elevated lactate dehydrogenase, and other 
laboratory anomalies seen with a generalized inflammatory response. The acute ret- 
roviral syndrome is self-limited, typically lasting 2—4 weeks, and resolves with 
decline in HIV plasma viral load. However, given the spectrum of the syndrome, 
some patients develop fulminant disease processes with multiorgan system involve- 
ment. These patients have cytokine storm syndromes secondary to high levels of 
circulating virus and the immune response generated to control this. 

Suspicion for acute retroviral syndrome must be high in order to make the correct 
diagnosis. Standard third-generation HIV assays rely on an HIV antibody response 
that typically occurs 4—12 weeks after initial infection. Given that most patients are 
symptomatic within 2—4 weeks of infection, many are pre-seroconversion (1.e., HIV 
antibody negative) and in the “window period.” When the clinical suspicion for 
primary HIV infection is high, plasma viral load testing will confirm the diagnosis 
of HIV during the window period of pre-seroconversion. Newer, fourth-generation 
combination antigen—antibody HIV assays can also confirm primary HIV, given that 
these assays detect p24 HIV antigens, which are present within days of transmis- 
sion, as well as HIV antibodies. Fourth-generation HIV assays are the currently 
recommended HIV test based on CDC guidelines; however, they are not available 
in all testing settings including some hospitals. Thus, providers evaluating patients 
with cytokine storm syndrome should not only consider primary HIV infection as 
an etiology but also recognize the optimal test (either HIV viral load or p24 antigen 
via fourth-generation combination Ag/Ab HIV assay) to accurately make the 
diagnosis. 


Cytokine Storm Syndrome and Primary HIV Infection 


CSS as a clinical syndrome has been associated with viral infections dating back to 
Risdall et al. in 1979 [4], and causes an aggressive and often fatal course. The syn- 
drome is a consequence of profound cytokine secretion, macrophage activation and 
proliferation, leading to excessive phagocytosis. Case definitions have evolved 
since the initial description, and are characterized by fever, cytopenias (of at least 2 
types), hypertriglyceridemia and/or hypofibrinogenemia, hyperferritinemia, hemo- 
phagocytosis, elevated CD25, decreased NK cell activity, splenomegaly, and hemo- 
phagocytosis in BM, LN, or spleen. Not coincidentally, there is significant overlap 
in the syndromes of acute retroviral syndrome and cytokine storm syndrome 
(Table 1). Fever, cytopenias, and splenomegaly/lymphadenopathy are cardinal fea- 
tures of ARS, and it is likely that CSS in the setting of primary HIV infection is 
underrecognized. Histological examination in CSS should reveal infiltration by 
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Table 1 Cardinal features of ARS and CSS 


Acute retroviral syndrome Cytokine storm syndrome 

Fever Fever 
Splenomegaly/lymphadenopathy Splenomegaly/lymphadenopathy 
Cytopenias Cytopenias 

Rash Hemophagocytosis 

Sore throat Decreased NK cell function 
Drop in CD4 count Triglycerides 

High degree of viremia Hyperferritinemia 


histiocytes and lymphocytes with the presence of hemophagocytosis. Biopsy is not 
a routine component of clinical workup for ARS, although as documented below, 
when completed, biopsy was consistent with CSS in all reported cases [3, 5—13]. 
ARS is thought to be clinically evident in approximately 70% of individuals acutely 
infected with HIV. Gathering sufficient data for formal diagnosis of CSS is often 
difficult, particularly given the pace of presentation; thus, it is very likely that mani- 
festations in HIV are underappreciated and may approach 20% and may be less 
severe in many cases. 

A majority of cases of primary HIV infection result in a clinical syndrome, most 
frequently associated with fever, sore throat, cytopenias, and lymphadenopathy/ 
splenomegaly. However, what differentiates individuals that develop more severe 
presentations from individuals that have an asymptomatic course is unclear. There 
does not appear to be an obvious association between how HIV was acquired and 
development of MAS, nor is there evidence for underlying genetic predisposition 
such as mutations in primary HLH genes, although this certainly cannot be ruled out 
based upon limited number of cases. Various studies have revealed progression of 
HIV disease is influenced by host and viral genetics [14], but there is no available 
evidence suggesting this drives ARS. 

There is a body of case reports available in the literature of more severe cases of 
acute retroviral syndrome that are consistent with CSS [3, 5-13]. To what degree 
these cases represent a unique subset versus the extremes on a continuum is unclear. 
When available, the observed ferritin is frequently elevated above 15,000 ng/ 
mL. The presence of fever, cytopenias, and lymphadenopathy/splenomegaly is all 
but uniform, and other criteria are routinely observed when checked in these cases. 
HIV viral load is exceptionally high, reaching 1 x 10°C-1 x 10°° copies/mL, mea- 
surements typical of ARS. Although these cases are by definition early in infection, 
CD4 count is often depressed. While absolute CD4 count is often a labile measure- 
ment in HIV infection, the degree of CD4 T cell deficiency in cases with CSS is 
notable from the reports available in the literature with a median of 138 cells/ 
mmĉand average of 183 cells/mm’. Further, the presence of opportunistic infection, 
thrush specifically, was noted in 5 of the 13 reported cases. Together, these data 
suggest that manifestation of CSS in ARS represents the more severe cases of pri- 
mary HIV infection. These clinical characteristics and diagnostic criteria are sum- 
marized in Table 2 [3, 5-13]. 
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Table 3 Treatment and outcomes for ARS and CSS cases 


Immunomodulatory agents ART Ol Patient outcomes 
48 y/o M None Yes "A Survived 
18y/o M IVIG Yes X Survived 
27y/o F None Yes X Survived 
31y/o M IVIG, steroids No "A Survived 
45y/o M None Yes "A Survived 
27y/o M None Yes "A Survived 
44y/o M None Yes "A Survived 
27y/o M NA No N/A Survived 
31ly/o M IVIG No "A Survived 
23y/o M IVIG No J Survived 
25y/o M None No "A Survived 


Treatment and Outcomes 


Treatment guidelines for HIV have changed over recent decades, and it is now rec- 
ognized that treatment should occur for all patients infected with HIV regardless of 
CD4 count or viral load. Since the beginning of the AIDS epidemic, numerous cases 
of primary HIV infection have been reported with significant CD4 T-cell declines 
below 200 cells/mm’. Since ARS produces a profound inflammatory response and 
high viremia, it is perhaps not surprising that opportunistic infections such as thrush, 
Pneumocystis jirovecii pneumonia, and others are sometime observed. In primary 
HIV infection, rapid control of the virus with antiretroviral therapy not only 
improves patient symptoms but may also restore immune function and reconstitutes 
CD4 T cells to normal or near-normal levels. As is generally the case in patients 
with CSS, treatment should be directed at the primary condition instigating the 
inflammatory cascade driving the cytokine storm. Thus, in the setting of primary 
HIV infection, treatment should first be directed at HIV with antiretroviral therapy, 
and regimens containing integrase inhibitors, which results in more rapid control of 
viremia, are recommended. After therapy is initiated, there is reliable, predictable, 
and rapid decline in circulating viremia and subsequent increases in CD4 T cells. 
While some case reports of primary HIV infection have included treatment of CSS 
with immune modulating agents including steroids, intravenous immunoglobulin, 
and biologics it is unclear if this is necessary or of added benefit. The mortality from 
cytokine syndrome storm resulting from primary HIV infection is near zero when it 
is recognized and treated appropriately [3, 5-13] (Table 3). 


Chronic HIV and CSS 


While this chapter has focused on CSS occurring in the setting of primary HIV 
infection, it is important to recognize the presence of CSS in advanced HIV infec- 
tion and the differences in driving factors, treatments, and outcomes. In an all cause 
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of death autopsy study of 56 AIDS patients, histopathological evidence of hemo- 
phagocytosis was found in 20% of cases [15]. These data suggest that similar to 
CSS in primary HIV infection, the presence of CSS in advanced HIV is likely 
underrecognized by clinicians. HIV infection clearly disrupts normal host immu- 
nity, establishing a pro-inflammatory environment. In later stages of HIV/AIDS, 
there is profound immune dysregulation affecting both innate and adaptive immu- 
nity resulting in increased host susceptibility to opportunistic infections associated 
with CSS. Here the acute trigger could be a variety of viral infections such as 
CMV, EBV, VZV; bacterial or fungal sepsis, or malignancy, (58 cases reviewed in 
Fardet et al.) [1]. In these cases, the degree of immunodeficiency is more profound, 
and thus comorbid viral and bacterial infections driving CSS are more difficult to 
manage. Here, use of immune modulators and steroids is reasonable, although sup- 
porting data is limited. Rarely, in an AIDS patient with CSS is there not another 
active infectious process. In such reported cases, ART treatment may be sufficient 
to control the syndrome [16]. Despite more aggressive treatment of HIV and any 
recognized coinfections, CSS outcomes are more typical of CSS overall, with mor- 
tality reports as high as 80% [17-22]. 

While ART in general is greatly beneficial to controlling HIV or HIV-related 
CSS, there are occasions where effective treatment can precipitate cytokine storm. 
As HIV leads to profound immunosuppression, abruptly restricting viral replication 
can lead to an immune reconstitution inflammatory response, or IRIS. This para- 
doxical immune process is particularly common in the setting of advanced disease 
where the immune system becomes capable of responding to chronic infections 
such as Mycobacterium avium or Cryptococcus neoformans. A rare, but recognized 
process is IRIS-mediated CSS, where immune recovery leads to a burst of cytokine 
production which then escalates to CSS [23-27]. This process is typically more 
responsive to treatment interventions than other CSS manifestations. Again, direct- 
ing specific treatment to the underlying infectious causes, HIV and the opportunis- 
tic infection, is usually adequate. 


Conclusion 


Cytokine storm syndrome can occur at multiple stages of HIV including primary 
HIV infection, and end stage AIDS as well as during immune reconstitution after 
starting antiretroviral therapy in a patient with profound immunosuppression and 
comorbid opportunistic infections. Therapy should always be directed at the under- 
lying cause, most notably antiretroviral therapy and when present, therapy directed 
at comorbid opportunistic infections. The outcomes of patients with CSS varies 
with near 100% survival in primary HIV infection and CSS and high mortality 
(~80%) in end stage AIDS with CSS. Therapy to dampen CSS may be of benefit in 
some patients; however, there are no controlled trials to support this. Early recogni- 
tion of primary HIV is imperative to initiating appropriate antiretroviral therapy to 
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halt CSS associated with the acute retroviral syndrome. Physicians must recognize 
the importance of primary HIV infection as a driver of CSS and know the optimal 
laboratory tests (p24 antigen and/or HIV viral load) to ensure the diagnosis early 
after infection. 
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Syndrome KETEN 


Esraa M. Eloseily and Randy Q. Cron 


Macrophage activation syndrome (MAS) or hemophagocytic lymphohistiocytosis 
(HLH) are life threatening conditions that are described among febrile hospitalized 
patients. They present commonly with unremitting fever, and a shock-like multior- 
gan dysfunction picture. Laboratory studies show pancytopenia, elevated liver 
enzymes, and elevated ferritin and triglycerides, among others. Of note, hemo- 
phagocytosis in bone marrow is identified in only 60% of cases and is often absent 
during the early stages of MAS. Thought to be caused by a dysregulation of the 
immune response, a continuous activation and expansion of T lymphocytes and 
macrophages leads to a cytokine storm, ultimately resulting in multiorgan failure 
[1-4]. 

Hemophagocytic syndromes are divided into primary and secondary forms. 
Primary cases commonly present in the first year of life. They include familial forms 
that have specific genetic mutations [5-8] and certain immunodeficiency syn- 
dromes, such as Chédiak—Higashi syndrome, type If Hermansky—Pudlak syndrome, 
and Griscelli syndrome [9]. Secondary forms are usually associated with conditions 
that lead to chronic immune dysregulation such as rheumatologic diseases, with 
sJIA being the most commonly described, and certain malignancies. 

As mentioned above, MAS develops as a “cytokine storm” which is often pre- 
cipitated by infections, rheumatologic conditions or malignancies [10]. This storm 
develops due to an imbalance between the pro-inflammatory and the anti- 
inflammatory arms of the cytokines cascade. The pro-inflammatory cytokines asso- 
ciated with MAS likely include interferon-y, IL-1, IL-6, IL-12, IL-18, and TNF [2, 
11]. Elevated levels of IL-27, megakaryocyte colony-stimulating factor (M-CSF) 
and granulocyte-macrophage colony-stimulating factor (GM)-CSF have also been 
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reported [12—14]. Furthermore, chemokines, such as [IL-8/CXCL8, MIG/CXCL9, 
IP10/CXCL10, I-TAC/CXCL11, MCP-1/CCL2, MIP-la/CCL3, and MIP-1/ 
CCL4, have been reported to be increased [11, 15—17]. Elevation of the cytokines 
and chemokines activates the immune system, perpetuating the on-going cytokine 
storm. On the other arm, elevated levels of anti-inflammatory cytokines, such as 
IL-10 and IL-18-binding protein (IL-18BP), might not be sufficient to check the 
ongoing inflammation [18, 19]. Abnormally high levels of free IL-18 is considered 
to be the result of the discrepancy between the increase in IL-18 and its antagonist 
IL-18BP [18]. 

It is proposed that MAS is due to a combination of genetic predisposition and a 
hyper-inflammatory state reducing cytolytic function, put into action by a trigger 
(e.g., infection, cancer, immunodeficiency, autoimmunity, and autoinflammation) 
[20-22]. 

Either biallelic genetic defects in the familial forms of CSS that usually present 
in infancy, or single copy gene mutations [22-24] in older children and adults, 
involving the perforin-mediated cytolytic pathway used by natural killer (NK) cells 
and CD8 T lymphocytes [25, 26] leads to the inability to clear the antigenic stimulus 
and thus turn off the inflammatory response culminating in hyper-cytokinemia [27]. 
Either the inadequate levels of perforin itself or improper granule exocytosis leads 
to impaired apoptosis of the target cell, improper removal of the stimulating anti- 
gen, and ultimately ongoing inflammation. 

Like viruses, intracellular bacteria have commonly been the precipitating agents 
for CSS. This is probably related to the high levels of activating cytokines produced 
by the host lymphocytes and monocytes, and is also likely due to defective NK and 
cytotoxic T cell function [28]. A model of secondary HLH utilizing the intracellular 
bacteria Salmonella enterica to trigger the disease suggested that viruses and intra- 
cellular bacteria might exploit a common immunologic weakness in driving CSS 
[29]. 

While infections are a common inciting trigger for CSS as mentioned earlier, it 
is also expected that they become acquired during treatment with immune suppres- 
sion which is an essential part of most CSS treatment protocols. It is probable that 
opportunistic bacteria are more likely to be acquired during treatment than to be the 
triggering agent in an otherwise healthy individual. Careful monitoring for symp- 
toms and signs of acquiring an infection is crucial during the treatment process, 
since many of the clinical features are shared with the CSS picture. Moreover, clini- 
cal and laboratory parameters are commonly altered either due to the CSS diagnosis 
or as a result of the immune suppressive or the biologic treatment. Therefore, it is 
essential that along with the CSS treatment protocols, prompt treatment with broad 
spectrum antimicrobials should be initiated if infection is suspected, and appropri- 
ately tailored when a pathogen is confirmed, to achieve successful control of the 
disease. Antimicrobial prophylaxis is also usually added alongside the use of 
immune suppressive medications. For example, the HLH-2004 protocol suggested 
the use of cotrimoxazole, an oral antifungal during the initial phase, considering the 
use of antivirals in patients with ongoing viral infections, and IVIG once every 
4 weeks (during the initial and continuation therapy) [30]. 
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There is a broad range of bacterial triggers of CSS. Listed below are some of the 
bacterial infections believed to be potential triggers of CSS in a variety of clinical 
settings, summarized in Table 1. 


Table 1 An alphabetical list of common bacterial triggers associated with CSS 


Bacteria | Comments 





Abiotrophia defectiva [31] Endocarditis 

Acinetobacter baumannii [32] Nosocomial infection 

Aeromonas hydrophila [33] Taiwanese adult cohort 

Bartonella sp. [34, 35] Renal transplant patients and one case of underlying 
DOC8 mutation (unpublished) 

Borrelia sp. [36] Lyme disease 

Brucella sp. [37—51] Several reports of children and adult cases with 
brucellosis and HLH 

Campylobacter sp. [52] Campylobacter fetus infection in HIV patient 

Capnocytophaga sp. [53] Sudden onset hearing loss with HLH 

Chlamydia sp. [54] Chlamydia pneumoniae with HLH and acute 
encephalitis and poliomyelitis-like flaccid paralysis. 

Clostridium sp. [55, 56] Recurrent HLH in HIV patient, pancreatic 
carcinoma patient 

Coxiella burnetti [57—59] Q fever 

Ehrlichia sp. [60-63] Children and adult cases in the USA 

Escherichia coli [64] Nephrotic syndrome 

Fusobacterium sp. [65, 66] Lemierre disease and 19-year-old man 

Intravesical BCG [67, 68] Following installation for urothelial carcinomas 

Klebsiella pneumonia [33] Taiwanese adult cohort 

Legionella sp. [69] Chronic lymphocytic leukemia 

Leptospira sp. [70, 71] 4-year-old boy and neglected case of ARF 

Listeria sp. [72] Bone marrow transplant recipient 

Mycobacterium avium [73, 74] HIV & SLE 

Mycobacterium bovis—weakened form Disseminated cutaneous eruption after BCG 

(Bacillus Calmette—Guérin) [75, 76] vaccination, BCG lymphadenitis in neonates with 
pHLH 

Mycobacterium tuberculosis [77, 78] Disseminated TB, perinatal TB 

Mycobacterium leprae [79] Leprosy 

Mycoplasma [80, 81] Retrospective analysis of 4 pediatric cases, 2 
pediatric cases 

Rickettsia sp. [82-84] Rickettsia conorii, murine typhus and MSF 

Salmonella typhi [85] Typhoid fever with HLH and rhabdomyolysis 

Salmonella sp. (other than typhi) [86, 87] | Child with CGD and Salmonella typhimurium 
septicemia 

Staphylococcus aureus [88, 89] Toxic epidermal necrolysis and HLH & 3 months 


old girl with sepsis 


HLH hemophagocytic lymphohistiocytosis, CGD chronic granulomatous disease, ARF acute renal 
failure, MSF Mediterranean spotted fever 
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Acinetobacter baumannii 


Acinetobacter baumannii septicemia following urinary tract infection was reported 
to trigger CSS in a 3-year-old child. The case showed complete recovery using 
only repeated transfusions and multiple doses of granulocyte colony stimulating 
factor [32]. 


Legionella Species 


Nguyen et al. reported a 50-year-old male with a history of chronic lymphocytic 
leukemia who presented with Legionella pneumonia, persistent fevers despite levo- 
floxacin treatment and was found to have hemophagocytosis on bone marrow 
biopsy. The patient died in spite of treatment with corticosteroids [69]. 


Leptospira Species 


Leptospirosis has been described with CSS and has required treatment with cortico- 
steroids, intravenous immunoglobulin or etoposide in addition to antibiotic treat- 
ment. Niller and colleagues suggested that an insufficient, dysfunctional, or 
misdirected immune response to Leptospira may culminate in myelodysplastic syn- 
drome (MDS) in cases not initially recognized as Leptospira-triggered CSS [90]. 
Also a 4-year-old boy with pallor and hepatosplenomegaly as the initial presenta- 
tion was reported to have CSS triggered by Leptospirosis. 


Mycobacterium tuberculosis 


There are several reports of Mycobacterium tuberculosis triggering CSS. It can 
occur in otherwise healthy individuals [91], or in patients with end-stage renal 
disease either receiving hemodialysis [92] or had undergone renal transplantation 
[93], malignancy [94], AIDS [95], and sarcoidosis [96]. In a review of 36 cases of 
CSS triggered by Mycobacterium tuberculosis by Brastianos et al., 83% of cases 
had evidence of extrapulmonary tuberculosis. The mortality rate was approxi- 
mately 50% touting the poor outcome of TB-CSS. However, anti-tuberculous and 
immunomodulatory therapy (consisting of high-dose corticosteroids, intravenous 
immunoglobulin, anti-thymocyte globulin, cyclosporine A, and epipodophyllo- 
toxin, or plasma exchange) may lead to a better outcome [77]. Early diagnosis and 
timely administration of anti-tuberculous treatment is crucial in these patients. 
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Bacillus Calmette—Guérin vaccination was also reported to trigger CSS in one 
pediatric case [75]. 


Mycoplasma pneumoniae 


Mycoplasma pneumoniae has been identified in a few reports of pediatric cases of 
HLH. Yoshiyama et al. reported 4 cases, aged 1—11 years, of mycoplasma related 
HLH, one of them also had concurrent rubella infection. All the patients had typical 
radiologic picture of M. pneumoniae pneumonia, and one patient also developed 
encephalopathy. All the children had unrelenting fever, mild hepatosplenomegaly, 
cytopenia, and elevated serum ferritin levels and urinary beta-2-microglobulin. 
Bone marrow hemophagocytosis was found in all cases. Of note, cytopenia and 
hepatosplenomegaly were relatively mild as compared to other cases of infection- 
associated HLH. Two cases promptly responded to corticosteroids, high-dose intra- 
venous immunoglobulin (IVIG) achieved a complete response in another child, 
while spontaneous recovery with symptomatic treatment and antibiotics alone was 
observed in one case [80]. 


Staphylococcus aureus 


Staphylococcus aureus, a relatively common bacterial pathogen, was also described 
to trigger CSS. Sniderman et al. reported a 17-month-old boy that grew methicillin- 
sensitive Staphylococcus aureus from endotracheal cultures while on ventilator sup- 
port due to laryngotracheitis. The boy presented 9 days after discharge with a history 
of spreading rash and high fevers that progressed to full desquamation and be diag- 
nosed with biopsy to be toxic epidermal necrolysis (TEN). During progression of 
his illness he developed all eight criteria of HLH-2004 and achieved full recovery 
after treatment with dexamethasone and etoposide [88]. Additionally, Dube et al. 
reported a 3-month-old girl that was diagnosed with Staphylococcal pneumonia and 
multiorgan failure and was found to have hemophagocytosis on bone marrow 
biopsy. She died 6 days after admission in spite of treatment with antibiotics, corti- 
costeroids, and IVIG [89]. 

Brucella, Ehrlichia, and Rickettsia as triggers of CSS are discussed in the chapter 
of zoonotic bacterial infections triggering CSS. 

In conclusion, bacterial triggers are not only common triggering agents for CSS, 
but are also a serious complication of its various treatment protocols. Early identifi- 
cation of such infections is crucial to the outcome. Treating bacterial infections 
whether they trigger CSS or they develop during the disease course is a cornerstone 
in achieving successful control of the disease along with controlling the cytokine 
storm with immune suppressive medicine and/or biologic therapies. 
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Introduction 


Zoonotic infections transmitted by tick bites or directly from infected animals can 
produce life-threatening complications which can manifest with hemophagocytic 
lymphohistiocytosis (HLH)/cytokine storm syndrome (CSS). While the supporting 
literature consists of isolated case reports and small case series, increased awareness 
that HLH can be a complication of a diverse group of zoonotic infections may be 
increasing diagnostic testing, and in some settings, empiric antibiotic treatment for 
these pathogens. 

Zoonotic infections represent a potential trigger for HLH and this is evident in the 
increasing number of reported cases in the literature. Cascio and colleagues reviewed 
published cases of HLH triggered by zoonotic diseases from January 1950 until 
August 2012 [1]. Their search revealed that HLH can be associated with many zoo- 
notic infections including bacterial diseases and viral, protozoal, and fungal infections. 
More reports on zoonotic infections triggering HLH have been recently published 
which might reflect increased awareness to this entity among health care professional 
[1-3]. Table 1 summarizes reported bacterial zoonotic infections causing HLH. 

Bacterial infections may constitute the largest group of reported cases associated 
with HLH among other zoonotic infections [1]. The reported bacterial infections 
included Brucella spp., Rickettsia spp., Ehrlichia, Coxiella burnetii, Mycobacterium 
spp., Leptospira spp., and Salmonella spp. [1]. The majority of cases are associated 
with intracellular organisms causing splenomegaly and leukopenia [1, 2]. We hereby 
review the most commonly reported zoonotic bacterial infections triggering HLH/CSS. 
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Table 1 Summary of reported bacterial zoonotic infections causing HLH/CSS 


Infection 


Brucella 


Rickettsia 


Ehrlichia 


Coxiella 
burnetii 


Mycobacterium 
avium 


Clostridium 


Leptospira 


NA not applicable 


Brucella 


Reservoir 


Infected animals; 
unpasteurized 
milk and dairy 
products from 
infected animals 


Cattle, goats, 
sheep 


The white-tailed 
deer Odocoileus 
virginianus 


Birth products 
(i.e., placenta, 
amniotic fluid), 
urine, feces, and 
milk of infected 
animals 


Domestic 
animals; aerosols 
from infected 
subjects, soil 


Cows, pigs 


Feral and 
domestic 
animals 


Vector 
of human 
transmission 


NA 


Arthropod host 
(tick, louse, 
mite, flea, or 
other insect) 
Lone Star tick 
(Amblyomma 
americanum) 


NA 


NA 


NA 


NA 


Symptoms 

Fever, sweats, arthralgia, 
myalgia, fatigue, weight 
loss, hepatomegaly, 
splenomegaly 


Fever, localized 
lymphadenopathy, 
neutropenia, 
thrombocytopenia 


Fever, myalgia, headache, 
cough, chills, 
maculopapular rash, 
leukopenia, 
thrombocytopenia, 
elevated liver enzymes 


Can be asymptomatic; 
febrile illness associated 
with signs of pneumonia, 
increased transaminases 
and thrombocytopenia 


Fever, weight loss, cough, 


cytopenias, hepatomegaly, 


splenomegaly 


Diarrhea, abdominal pain, 
cramping, low grade 
fever, leukocytosis 

High fever, chills, 
vomiting, headache, 
myalgia, jaundice 


Treatment 


Doxycycline, 
rifampin 


Doxycycline 


Doxycycline, 
rifampin 


Doxycycline 


Isoniazid, 
rifampin, 
pyrazinamide, 
ethambutol 


Metronidazole 


Doxycycline, 
ampicillin, 
amoxicillin, 
IV penicillin 


Brucella spp. are common gram-negative bacteria zoonoses among wildlife and 
domestic animals. Brucellosis is rare in the USA while endemic in the eastern 
Mediterranean Basin, Middle East, the Arabian Peninsula, Mexico, Central and 
South America, Central Asia, Southern Europe, and the Indian subcontinent [4]. 
Transmission to humans occurs via contact with infected animal tissues or ingestion 
of derived food products. The disease occurs among the general population almost 
equally among children and adults [5]. The incubation period is variable but usually 
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ranges between 1 and 4 weeks. The disease onset is insidious and can present with 
a diverse range of nonspecific clinical findings, such as fever, sweats, arthralgia, 
myalgia, fatigue, weight loss, hepatomegaly, and splenomegaly. Thus, the diagnosis 
of brucellosis can be a dilemma and may be delayed in some cases [6]. 

Brucella has been reported to be associated with HLH especially in children. The 
largest series came from a single institution in Turkey of seven pediatric cases with 
brucellosis confirmed by standard tube agglutination test [7]. The average age of 
patients was 10.2 years (range 4—14 years); none of the patients had a history of any 
hematologic disorder. Blood cultures were positive for Brucella melitensis in 3 
patients, and bone marrow cultures were positive for B. melitensis in 4 patients. All 
patients fulfilled the HLH-2004 diagnostic criteria, and hemophagocytosis was doc- 
umented in bone marrow examinations of 5 children. All patients recovered com- 
pletely after antibiotic treatment of brucellosis [7]. The majority of reported cases 
of Brucella-associated HLH occurred in patients who had consumed unpasteurized 
dairy products or had contact with animals [7—10]. Early treatment for Brucella- 
associated HLH with appropriate antibiotics often results in complete recovery, 
contrary to the generally poor outcome of secondary HLH [7, 11]. 


Rickettsia 


Rickettsia spp. are transmitted to humans by an arthropod host (tick, louse, mite, 
flea, or other insect). Major clinical and pathological findings in rickettsial infec- 
tions include fever, localized lymphadenopathy, neutropenia, thrombocytopenia and 
moderate increases in transaminases [12, 13]. There have been many reports of 
HLH in patients with rickettsial infections including Rickettsia typhi [14, 15], 
Rickettsia conorii |16, 17], Orientia tsutsugamushi [18, 19], and Rickettsia japonica 
[20]. Most of the reports recommend considering a diagnosis of HLH in severe 
cases of rickettsial disease especially if associated with pancytopenia [16]. The 
prognosis of rickettsial infection-associated HLH is unknown. Outcome may 
depend on many factors, such as the Rickettsia spp. involved, host factors, comor- 
bidities, and the prompt initiation of antibiotic therapy [16]. 


Ehrlichia 


Ehrlichiosis is the term used to refer to acute febrile tick-borne infections caused by 
obligate intracellular bacteria. The majority of these infections that affect humans 
are caused by three distinct species: Ehrlichia chaffeensis, Ehrlichia ewingii, and 
Anaplasma phagocytophilum [12, 21]. Ehrlichia chaffeensis infects monocytes and 
causes human monocytotropic ehrlichiosis (HME). The primary tick vector for 
HME is the Lone Star tick (Amblyomma americanum) which occurs across the 
south-central and southeastern states [22]. The primary host of this tick is the 
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white-tailed deer Odocoileus virginianus. Ehrlichia ewingii is serologically similar 
to Ehrlichia chaffeensis and is also transmitted by Amblyomma americanum. 
Anaplasma phagocytophilum infects granulocytes and causes human granulocyto- 
tropic anaplasmosis (HGA; previously known as human granulocytotropic ehrlichi- 
osis or HGE). Anaplasma phagocytophilum is transmitted by Ixodes scapularis, 
which also transmits agents that cause Lyme disease and babesiosis [23]. The infec- 
tion areas of endemicity in the USA include northeastern and mid-Atlantic, Upper 
Midwest, and Pacific Northwest states. 

Patients usually present with fever, myalgia, headache, cough, and chills. A non- 
specific maculopapular rash has been described in children [24]. In addition, patients 
commonly have leukopenia, thrombocytopenia, and elevated liver enzymes [25]. 
Ehrlichiosis is a relatively severe disease with 49% of patients requiring hospitaliza- 
tion, and a case-fatality rate of 1.0-1.9% [26, 27]. Prognosis is better if treatment is 
initiated early. The suspicion for this diagnosis is heightened in a patient exposed in 
a tick-endemic area during seasons of increased tick activity. Doxycycline is the 
treatment of choice and the recommended dose is 100 mg administered twice daily. 

Tissue damage in HME is more likely a result of poorly controlled macrophage 
activation and release of effector molecules, including nitric oxide and reactive oxy- 
gen species [28]. Investigations of Ehrlichia infection in a murine model of fatal 
monocytotropic ehrlichiosis highlight the immune response and the role of tumor 
necrosis factor (TNF) and interleukin-10 (IL-10). These findings include focal 
hepatic necrosis and apoptosis, leukopenia and lymphopenia, and CD4+ T cell 
apoptosis [29, 30]. Excessive cytokine production is induced with E. chaffeensis 
infection and this is believed to contribute to the septic shock-like presentation seen 
in many HME cases [29]. 

Ehrlichia is a rarely reported trigger for HLH. We reported a series of five cases 
of Ehrlichia-induced HLH treated at Washington University Medical Center in St. 
Louis, Missouri [3]. These cases were identified among 76 HLH cases reviewed 
between October 2003 and June 2014. All Ehrlichia-induced HLH patients pre- 
sented with fever, cytopenias and hyperferritinemia, and two of them had CNS 
involvement. Treatment with doxycycline was effective with no recurrence of 
HLH. We recently reviewed our experience with Ehrlichia infections at the same 
institution; over 10 years we identified 157 cases of ehrlichiosis [31]. Ten patients 
(10/157, 6.37%) fulfilled the HLH-2004 diagnostic criteria (5 of these cases were 
reported by our group previously [3]). Table 2 summarizes all reported cases of 
Ehrlichia-induced HLH in the literature [32—41]. All patients were immunocompe- 
tent except two patients (one had HIV [34] and another had bilateral lung transplant 
[3]). Although HLH often has a dismal prognosis even with treatment with an over- 
all mortality of 58—75% [41-43], the prognosis of Ehrlichia-induced HLH appears 
to be excellent with early recognition and initiation of treatment. Some of the 
reported patients were treated, in addition to doxycycline, with etoposide, dexa- 
methasone, or HLH-2004 protocol to suppress the inflammatory response and the 
exaggerated proliferation of macrophages that characterize HLH. Interestingly, one 
of the patients responded to doxycycline, steroids, and anakinra, which is a soluble 
interleukin-1 receptor antagonist [33], supporting the presence of inflammatory 
cytokines that are the basis of HLH/CSS. 
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Coxiella burnetii 


Q fever is the clinical manifestation of symptomatic Coxiella burnetii infection. 
Coxiella burnetii is an obligate intracellular bacterium most commonly found in 
ruminants including cattle, sheep, and goats. Numerous tick species either harbor or 
transmit Coxiella burnetii, however, tick transmission is not considered a major 
route of transmission to humans [44]. Q fever is a worldwide infection with endemic 
regions in the Mediterranean countries especially Spain and France [45]. 
Transmission to humans most often occurs through inhalation of aerosolized animal 
wastes or contaminated soil. Infection may be asymptomatic, acute, or chronic and 
most commonly presents as a nonspecific febrile illness (acute Q fever) associated 
with signs of pneumonia, increased transaminases, and thrombocytopenia [45]. It is 
an intracellular pathogen that preferentially infects monocytes and macrophages; 
the majority of infected macrophages will be polarized towards an inflammatory 
response stimulating the release of inflammatory cytokines [46]. HLH is a rarely 
reported complication of Coxiella burnetii [41—49]. However, it is recommended 
that profound and persistent hematological abnormalities especially thrombocyto- 
penia in the context of Q fever should raise suspicion for HLH as a diagnosis. 
Conversely, Q fever should be investigated by serology and PCR in endemic areas 
as a potential trigger for an established HLH diagnosis. 


Mycobacterium avium 


Mycobacterial infections have a diverse range of clinical manifestations. 
Mycobacteria, whether tuberculous or non-tuberculous, have been associated with 
HLH. Tuberculosis-associated HLH cases were reviewed in a recent paper by Padhi 
and colleagues [50]. A high proportion (41/63, 65%) of patients had underlying 
comorbidities such as end-stage renal disease, type 2 diabetes mellitus, past history 
of malignancies, and autoimmune diseases. The median duration of symptoms 
before diagnosis of tuberculosis-associated HLH was 45 days. Fever was present in 
all cases. Hepatosplenomegaly was observed in 43 of 61 cases (70.5%), and 6 (9.8%) 
cases had isolated splenomegaly. A higher proportion (32/59, 54.2%) of patients had 
pancytopenia, and 22/59 (37.2%) had bicytopenia. Hemophagocytosis was detected 
on bone marrow examination in 58/63 (92%) cases. Non-tuberculous mycobacterial 
infection-associated HLH cases were also reviewed recently [51]. Six of the seven 
published cases occurred among patients with underlying immune disorders. 

Mycobacterial zoonotic infections associated with HLH are very uncommon but 
should be considered in patients with fever and underlying immunosuppressive con- 
ditions. Among the zoonotic mycobacterial infections, HLH was reported in patients 
with Mycobacterium avium and HIV, systemic lupus erythematosus, and sickle cell 
disease [52-54]. Although early recognition of the etiology and optimal treatment 
of the underlying mycobacterial infection might improve the outcome of HLH, 
these cases are often fatal [54]. 
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Conclusions 


In summary, zoonotic bacterial infections, particularly intracellular pathogens, are 
potential triggers for HLH/CSS. These two syndromes are characterized by hyper- 
cytokinemia which manifests with the release of many inflammatory mediators 
including cytokines. The list of zoonotic bacterial infections associated with HLH 
is long and includes Brucella, Rickettsia spp., Ehrlichia, Coxiella burnetii, and 
Mycobacterium spp., among others. The institution of antimicrobial therapy is of 
paramount importance, and in some cases, immunosuppressive therapy has been 
beneficial in treating these infections. A high index of suspicion for one of these 
infections should be maintained in seriously ill patients presenting with clinical 
findings suggestive of HLH/CSS especially in areas endemic with these zoonoses. 
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Introduction 


CSS occurs associated with infections, or is triggered by them. Their coexistence 
often hides one another. A high index of suspicion will help to recognize a CSS and 
the inciting organism, thus enabling a diagnosis and the administration of an appro- 
priate treatment to reduce morbidity and mortality. Patients with a CSS that live in 
or have traveled to an endemic area of parasites or fungi should always be thor- 
oughly studied. Patients with underlying inflammatory, autoimmune, immune- 
deficient diseases, or cancer are prone to have parasitic or fungal infections as 
triggers of a CSS [1]. The first CSS triggered by Histoplasma was in a patient with 
inflammatory bowel disease (IBD) [2]. Since then, many parasites and fungi have 
been associated with IBD and CSS 2. CSS needs aggressive therapy, in many 
instances, treating the infection may resolve the CSS [3]. 

Three main classes of parasites cause disease in humans: protozoa, helminths, 
and ectoparasites. In the tropics, visceral leishmaniasis, rickettsia, malaria, 
Histoplasma, enteric fever, and tuberculosis cause 50% of CSS. Viral agents like 
Epstein-Barr virus and Parvovirus B19 contribute to another 30% [4]. Three hun- 
dred species of fungi can cause disease; the most frequent are aspergillosis, blasto- 
mycosis, candidiasis, coccidioidomycosis, cryptococcosis, histoplasmosis, 
mucormycosis, and pneumocystis pneumonia. 

The clinical picture of the CSS secondary to parasites or fungi is like those due 
to other triggers. It is difficult to identify these infectious agents in patients with a 
CSS. No specific CSS diagnostic criteria for these situations have been established 
further complicating diagnosis. Parasites and fungi should always be looked for in 
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patients on biological therapies that develop CSS. In a review of 30 patients on 
biologics, three had Histoplasma, and one had Leishmania [5]. In another study, 
inpatients with HIV infection and a CSS 39 patients described, two had candidiasis 
and six disseminated histoplasmosis [6]. 


Parasites 


Protozoan infections include malaria (Plasmodium (P) vivax, P. malariae), babesio- 
sis (Babesia microti), gastroenteritis (Entamoeba histolytica, Giardia lamblia), 
leishmaniasis (Leishmania (L) sp.), sleeping sickness (Trypanosoma brucei gam- 
biense, T: b. rhodiense), and vaginal infections (Trichomonas vaginalis). Also, 
Cryptosporidium parvum and Toxoplasma gondii are seen in patients who are 
immunosuppressed by disease or treatment. 


Plasmodium species (sp. ) 


Malaria causes 650,000 deaths yearly due to P. falciparum, P. vivax, P. malariae, P. 
ovale, and P. knowlesi. P. vivax and P. falciparum are the most common. P. falci- 
parum is the deadliest in South-East Asia. Malaria occurs in sub-Sahara, Africa, 
Asia, Latin America, the Middle East, and parts of Europe. 

Polymerase chain reaction (PCR) to detect parasite DNA and blood microscopy 
search for the parasite are diagnostic tools. Plasmodium infections generate high 
serum cytokine levels that are associated with cerebral involvement, hypoglycemia, 
and death [7]; the role of cytokines in malaria has been studied [8]. Many reports 
describe the association of Plasmodium with a CSS (Table 1): in fifty-two patients 
with a CSS, three had malaria [9], a patient with Langerhans cell histiocytosis and 
malaria and developed a CSS [10], and a patient with Mycoplasma and P. falci- 
parum developed CSS [11]. In one case, Antimalarial treatment resolved the 
CSS. HLH, can be a fatal complication of plasmodium vivax , as it has been 
described [12], Specific CSS treatment may be required for the CSS [13, 81]. Many 
r reports show Plasmodium as the trigger for CSS [14-17]. 


Babestosis 


Human babesiosis, or piroplasmosis, is transmitted by Ixodes. Babesia (Bb) microti 
is endemic on the northeastern coastline and the upper mid-west of the USA, and B. 
divergens and B. venatorum infections are found in the Mediterranean coastlines, 
the travel history is very important when considering Babesia [18]. In dogs, Babesia 
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Table 1 Parasites associated with CSS: protozoa and helminths 


Organism 


Plasmodium sp. 


Leishmania sp. 


Toxoplasma 
gondii 


Entamoeba 
histolytica 
Babesia sp. 


Ascaris 
lumbricoides 


References and comment 


52 children from Thailand with HLH, (1989—1998), 15 related to infection, 
three had malaria [9] 

A case report of a CSS induced by malaria with Langerhans histiocytosis [10] 
Falciparum co-infection with Mycoplasma [11] 

Case report with a bad outcome [12] 

HLH secondary to Plasmodium vivax and difficult therapeutic response [13] 
CSS required corticosteroid treatment [14] 

Case report, resolution of CSS, after eradication of parasite [14] 

Case report, Falciparum with CSS, despite eradication of the parasite [15] 
Case report, Plasmodium vivax with CSS [16] 

Case report of Plasmodium vivax and a review of the literature [17] 


A review of 30 patients, one had leishmania [5] 

14 cases, nine with leishmania [18] 

Case reports [19—40] 

Case report in association with another virus [41—43] 

Two children with hepatic failure that responded to treatment [44] 

A case report of an adult with a review of the literature [45, 46] 

Case where CSS responded when the parasite was treated [47] 

Case treated with an anti-TNF agent that developed CSS with leishmania [48] 
A report where cyclosporine was substituted in the therapy of a transplanted 
patient [49] 

A case report with tocilizumab was added to the CSS treatment [50] 

A report with three cases of chronic granulomatous disease and CSS [51] 
In a ten-year review, 13 patients with HLH, two had leishmania [52] 

Four cases reported from China (full text in Chinese) [53] 

A report with three cases from India [54] 

A report of a patient with HIV and visceral leishmaniasis [55] 

Case reports [51—66] 

Fatal case report with hepatitis [63] 

Cerebrospinal findings in a case report [64] 

In a 7-year period review in Turkey, 18 children had HLH, and two were due 
to leishmania [65] 


Case report triggered by disseminated infection, no response to therapy [67] 
Case reports in immunocompetent individuals [68, 69] 

Case report of a patient diagnosed at autopsy after bone marrow transplant [70] 
An immunocompetent child with Toxoplasma infection [71] 

Case repot after kidney transplant [72, 73] 

Case report in an HIV-infected patient [74] 

Case report immunodeficient patient with toxoplasma [75] 


A case report, together with Endolimax nana [76] 


An European traveler that had CSS from Babesia he had acquired in the USA [18] 
Case report [77] 
Case report of a transplanted patient [78, 79] 


A child that resolved CSS after expulsion of the helminth [80] 
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is responsible for a CSS 1 [82]. Babesiosis and malaria have the same clinical 
features, and babesiosis and Lyme disease share the transmitting tick , thus the three 
diseases are considered in the differential diagnosis [83]. Babesia is searched for on 
blood smears, and PCR confirms the diagnosis. Eradication of Babesia resolves the 
CSS [77-79]. 


Entamoeba 


Entamoeba histolytica causes worldwide extra- and intra-intestinal infections. Male 
homosexuals, travelers, recent immigrants and, institutionalized people are high- 
risk groups. The infection is generally localized to the gastrointestinal tract [84], 
inflammatory markers are local in contrast to systemic disease when or if CSS deve- 
lopes. One such case has been reported (Table 1) [76]. 


Leishmaniasis 


The sand-fly in Africa, Europe, and Asia, and Lutzomyia ticks in America transmit 
300,000 infections yearly of leishmaniasis. Visceral (kala-azar), cutaneous, and the 
mucocutaneous are the typical presentations [85]. In patients with a CSS from 
endemic areas, visceral leishmaniasis must be considered, but the diagnosis is dif- 
ficult. Amastocytes are found in bone marrow and spleen, and serology is also used 
for diagnosis [86]. Many cases associated with a CSS have been reported (Table 1) 
[19-40]. Some cases were resistant to therapy [87], and some presented with other 
infections, such as viruses [41—43]. In a patient with severe hepatic failure, making 
the diagnosis prevented a fatal outcome [44, 63]. CSS associated with leishmaniasis 
can affect immunocompetent individuals [45—47] or patients that are immunocom- 
promised, under immunosuppressive therapy [51, 66], or receiving antitumor necro- 
sis factor (TNF) treatment [48]. Patients with CSS not responding to therapy, had 
Leishmania identified worsening the CSS [33, 44]. Resolving the infection has 
resolved the CSS [47]. 

Cyclosporine has been used when there was no response to corticosteroids, 
anakinra (recombinant IL-1 receptor antagonist), and etoposide [49]. Tocilizumab 
(anti-IL-6 receptor antibody) has been added for a better response [50]. Many other 
cases have been reported [51—66]. 


Toxoplasmosis 


Toxoplasma gondii is present worldwide with a 65% prevalence of serum anti- 
toxoplasma antibody. The infection ranges from asymptomatic primary infections 
to mononucleosis-like syndromes [88]. In a case report, MAS was documented after 
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Toxoplasma resolution; the patient developed the typical features of a CSS, but did 
not respond to typical therapy [67]. A CSS associated with toxoplasmosis is 
described in immunocompetent individuals [68, 69] , in patients following bone 
marrow transplant [70], and in patients with primary infection that became immune- 
deficient [71], other presentations have been described [72-75] (Table 1). The char- 
acteristics of the CSS are like those triggered by other infections. 


Helminths 


Ascaris lumbricoides is an infection in the intestine that affects millions of people. 
A case was reported of a 5-year-old child with typical features of a CSS that under- 
went multiple studies to rule out a trigger for his disease, all negative until an 
abdominal ultrasound demonstrated tubular structures. He was treated with IVIG 
and received mebendazole. After the third day of therapy, he passed the Ascaris in 
stools, and the CSS resolved with no more fever and complete recovery of all the 
typical features that were present for a CSS (Table 1) [80]. 


Fungus 


Candidiasis 


Candida albicans is the most common fungus in the intestinal tract, mucosae, and 
skin. Overgrowth causes oral—pharyngeal—esophageal, vaginal, or disseminated 
candidiasis. A review of 39 patients with HIV and a related CSS describes an acutely 
ill patient with an ovarian tube abscess due to Candida (Table 2) [6]. Severe pancy- 
topenia, elevated serum ferritin, LDH, triglycerides, prothrombin time, and a bone 
marrow with hemophagocytosis led to the CSS diagnosis. Methamine silver stain- 
ing and culture were used to diagnose Candida. Ninety percent of all HIV patients 
with a CSS had fever, 100% anemia, 78% leukopenia, and 80% thrombocytopenia. 
Serum ferritin and triglycerides were very high in most, 50% had hepatospleno- 
megaly, and two of the patients had candidiasis [107]. Another infant with a CSS 
and disseminated Candida lusitaniae sepsis was also found to have chronic granu- 
lomatous disease (CGD). Others with a CSS associated with Candida have had 
lymphoma or were concurrently infected with other organisms [108, 109]. In a 
kidney-pancreas transplant recipient with a CSS due to Candida, treatment with 
cyclosporine was useful [110]. 
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Table 2 Fungi associated with CSS 


Cryptococcus Report of a child with cryptococcal meningoencephalitis [89] 
neoformans Case report of secondary CSS in an immunocompromised patient [90] 
Histoplasma Review of 30 patients with CCS, three had Histoplasma [5] 
capsulatum Report on an AIDS patient [91] 


CSS complicating H. Capsulatum infection in immunocompetent 
patients [92—94] 

Report in an immunocompetent individual [95] 

Report in an HIV-infected patient [100-102] 

Cases where CSS responded after fungus was eradicated [96] 
Case report diagnosed at autopsy [97] 

Case report of a surgical patient that responded to therapy for CSS and 
Histoplasma [98] 

Case report in a chronic lymphocytic leukemia patient [99, 100] 
Report of a patient with chronic arthritis on anti-TNF agent with 
disseminated Histoplasma [101] 

Case report in a kidney transplant recipient [98, 102] 

Case report in a heart transplant patient [98] 

Case report of a patient with sarcoidosis on corticosteroids [103] 


Penicillium 52 children with HLH (1989-1998), 15 infections, one with Penicillium 
marneffei marneffei [9] 
Case reports in patients with HIV infection [104, 105] 
Review of 18 published cases and a report of four Chinese cases [104] 
Case report, a woman with Sjogren’s syndrome [106] 


Candida sp. Case report and a review of the literature 38 patients with HLH, two had 
Candida [6] 
An association with HIV and a review of 39 cases [107] 
Case report of a patient with chronic granulomatous disease [108] 
Case associated with other viruses (EBV, CMV) and lymphoma [109] 
A kidney-pancreas transplant patient that was treated with cyclosporine 
and steroids [110] 


Pneumocystis sp. | Case report in a patient with lymphoma [111] 
Case report of a patient on biologic therapy for a rheumatic disease [112] 
Report of a renal transplant patient [113] 


Histoplasmosis 


Histoplasma fungal spores enter the body through the lungs, and typically do not 
cause illness. However, some individuals develop fever, cough, and fatigue that 
improve without medication. Nevertheless, immunocompromised patients can 
develop a CSS associated with histoplasmosis. Histoplasma is found worldwide and 
in the USA, around the Ohio and Mississippi River valleys [114]. In Latin America, 
Histoplasma is the most common opportunistic infection among people with HIV, 
and 30% of those will die [115]. The fungus is detected with computed tomography 
scanning of the chest and methenamine silver staining of the bone marrow [91, 92]. 
Disseminated histoplasmosis with CSS occurs in immunocompetent [93—95] and 
immunocompromised patients [5, 116—120] and may respond to fungus treatment 
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(Table 2) [96, 121]. In some cases, the diagnosis was made at autopsy [97]. A retro- 
spective review of all inpatients with HLH and Histoplasma in a ten-year period 
revealed 11 cases. Nine were males. Nine had HIV. One was a renal transplant 
patient, and one was immunocompetent. Seven died within 90 days in this study. 
Thus, histoplasmosis-associated HLH is a highly lethal disease [122]. Many other 
case reports have been described [98—101, 112, 123-128]. 


Cryptococcus 


Cryptococcus neoformans is a fungus that infects via inhalation; however, most 
exposures do not result in illness. C. neoformans infections are extremely rare in 
people who are healthy; CSS occurs in immunocompromised patients [89, 90], 
although they have also been described in immunocompetent patients (Table 2). 


Pneumocystis sp. 


Previously known as Pneumocystis (P) carinii, P. jirovecii, a yeast-like fungus is an 
important human pathogen. Mild pulmonary infection is prevalent in half of the 
general adult population [129]. In the immunocompromised patient, Pneumocystis 
may reactivate leading to disease. It is extracellular, found in the lungs, and is identi- 
fied with methamine staining. CSS have been reported in patients with Pneumocystis 
and lymphoma [111], with biologic therapy for rheumatic disease , and renal trans- 
plantation 2 [125]. As in other infections, CSS typically resolve after the infection 
has been controlled. 


Penicillinosis 


Penicillium marneffei is a fungus that has been reported in Thailand and Southern 
China [102, 130]. In the late 1980s, the appearance of HIV in Southeast Asia made 
penicillinosis one of the acquired immunodeficiency syndrome (AIDS) -defining 
illnesses and was listed as a HIV clinical stage 4, clinical condition [131, 132]. It 
has been reported in different parts of the world as infected travelers return to their 
home countries from endemic areas [133]. The disseminated form of P. marneffei 
infection can be fatal with an in-hospital mortality rate at about 20% [129]. 

Penicillinosis can trigger a CSS, the first case of a CSS caused by penicillinosis 
was a HIV-infected child who presented with cytopenia and developed an Immune 
reconstitution inflammatory syndrome and recovered promptly after antifungal and 
intravenous immunoglobulin therapy [104—106]. 
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Conclusion 


Human pathogenic parasites and fungi are found worldwide, and they can infect all 
mucous membranes. They can cause disease in immunocompetent and immunode- 
ficient individuals, often becoming a serious complication. They have been shown 
to trigger CSS. It is of great importance to consider these organisms as responsible 
in these situations since their treatment may lead to control of infection and resolu- 
tion of the otherwise fatal CSS. 
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Part V 
Rheumatic Triggers of Cytokine Storm 
Syndromes 


Cytokine Storm Syndrome Associated ÁA 


with Systemic Juvenile Idiopathic Arthritis wes 


Rayfel Schneider, Susan P. Canny, and Elizabeth D. Mellins 


The cytokine storm syndrome (CSS) associated with systemic juvenile idiopathic 
arthritis (sJIA) has widely been referred to as macrophage activation syndrome 
(MAS). In this chapter, we use the term sJIA-associated CSS (sJIA-CSS) when 
referring to this syndrome and will use the term MAS when referencing specific 
publications that report on sJIA-associated MAS. 

The frequency, the potential severity, and the imperative to promptly initiate 
appropriate treatment of this hyperinflammatory state place the diagnosis of CSS at 
the forefront of the clinician’s assessment of all febrile children with sJIA. Even in 
the current era, CSS is associated with a high mortality rate of 8% [1]. 


Epidemiology 


Overt sJIA-CSS occurs in 7-17% of children with sJIA at some point during the 
disease course [2, 3]. Subclinical or occult CSS is seen even more commonly in 


>30% of children with new-onset sJIA or with a flare of systemic symptoms of the 
disease [4, 5]. Classification criteria for sJIA-CSS were developed in 2016 (Table 1) 
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Table 1 Classification of A febrile patient with known or suspected 
MAS in sJIA [22] systemic JIA is classified as having MAS 
if the patient has: 


Ferritin > 684 ng/L 
AND 


At least two of the following laboratory 
abnormalities: 


Platelets < 181 x 10° /mL 

AST > 48 U/L 

Triglycerides > 1.76 mmol/L (156 mg/dL) 
Fibrinogen < 3.6 g/L (360 mg/mL) 


and only very recently validated in one study [6] and it is therefore unsurprising that 
there is no consensus about the definition of occult CSS in sJIA. Patients with active 
sJIA often have laboratory features suggestive of CSS, without meeting the pro- 
posed classification criteria. These features can include rising levels of serum ferri- 
tin, transaminases, D-dimers, triglycerides, and LDH, and lower platelet, white 
blood cell, and neutrophil counts and fibrinogen levels than would be anticipated for 
the degree of systemic inflammation. Activation of T-lymphocytes and macrophages 
reflected by high levels of sCD25 and sCD163, respectively, may also be seen. 

The largest reported cohort of sJIA-CSS included 362 international children 
(57.5% female) with onset of sJIA at a median age of 5.3 years. CSS was diagnosed 
after a median disease duration of 3.5 months, but developed at the onset of sJIA in 
>20% of patients [1]. 


Clinical Features 


The hallmark clinical feature of CSS is fever, which is characteristically high and 
sustained. Children are often acutely unwell with a “septic” appearance, which may 
rapidly progress to shock and multiorgan failure. A change in a child’s fever pattern 
from the typical intermittent, quotidian fever of active sJIA to a more persistent, 
non-remitting fever should alert the clinician to the potential evolution of CSS. Fewer 
than 5% of children do not have fever with sJIA-CSS, but this proportion may be 
higher in children being treated with IL-6 inhibitors [7]. 

Additional clinical features seen in >50% of patients (Table 2) include hepato- 
megaly, splenomegaly and diffuse lymphadenopathy. Jaundice occurs in some 
patients. Central nervous system involvement occurs in approximately one-third of 
patients with symptoms that range from headache, irritability, lethargy, and mood 
changes to seizures, confusion, and coma. Cardiac involvement may include peri- 
cardial disease, arrhythmia, and myocardial dysfunction with cardiac failure and 
shock. Coagulopathy may initially manifest as a petechial or purpuric skin rash but 
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Table 2 Major clinical Major clinical features of Frequency 
features of sJIA-CSS [1] CSS-associated sJIA (%) 
Fever 96 
Hepatomegaly 70 
Splenomegaly 58 
Lymphadenopathy 51 
CNS involvement 35 
Cardiac 26 
Pulmonary 22 


Hemorrhagic manifestations |20 
Renal 15 


may progress to frank gastrointestinal, upper respiratory tract, or pulmonary bleeding. 
Pulmonary infiltrates may be seen and progressive respiratory failure may ensue. 
The development of interstitial lung disease with or without pulmonary vascular 
involvement has been reported with increasing frequency in patients with sJIA and 
may be associated with sJIA-CSS episodes [8] Renal involvement may be mild with 
hematuria and proteinuria, but renal function can also rapidly deteriorate. 


Differential Diagnosis 


CSS should be considered in any child with sJIA or strongly suspected sJIA, who 
has a febrile illness. The most important confounding conditions are active sJIA and 
infections. Diagnosis of CSS at the onset of sJIA may be particularly difficult, as the 
diagnosis of sJIA may not yet be firmly established. In order to meet the widely 
accepted International League of Associations for Rheumatology (ILAR) criteria 
for the classification of sJIA [9] children must have at least a 2-week history of 
fever, that is quotidian in character for at least 3 days, and persistent arthritis, in at 
least one joint, for at least 6 weeks. Although most children with sJIA have arthral- 
gia at presentation, overt arthritis may only develop weeks or sometimes months 
after the onset of the disease. Children with new-onset sJIA-CSS require urgent 
treatment that often cannot be deferred until the ILAR criteria sJIA are fulfilled. 
Applying the Yamaguchi criteria for the diagnosis of adult-onset Still’s disease 
(AOSD) [10] may be particularly helpful in this circumstance, as AOSD can be 
considered part of the spectrum of sJIA [11]. The Yamaguchi criteria, which 
require fever for only 1 week and arthralgia, rather than overt arthritis for 2 weeks, 
may be more sensitive than the ILAR criteria for the diagnosis of new-onset sJIA 
[12]. The challenges in making a timely diagnosis of new-onset sJIA have also been 
addressed by the inclusion criteria developed for the North American Childhood 
Arthritis and Rheumatology Research Alliance (CARRA) consensus treatment pro- 
tocols for newly diagnosed sJIA [13]. These criteria allow inclusion of patients 
within 2 weeks of the onset of fever. 
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When a definitive diagnosis of sJIA cannot be made and CSS features are 
prominent, infections, sepsis with disseminated intravascular coagulation, malig- 
nancy, drug reactions, thrombotic thrombocytopenia purpura, systemic lupus ery- 
thematosus (SLE), and Kawasaki disease must be considered. SLE and Kawasaki 
disease are complicated by CSS in 9% [14] and 1-2% [15, 16] of cases, respec- 
tively (see chapters “Systemic Lupus Erythematosus and Cytokine Storm” and 
“Kawasaki Disease-Associated Cytokine Storm Syndrome”). CSS associated 
with malignancy must always be excluded, particularly at the initial presentation. 
As the onset of sJIA under 1 year of age is uncommon [17], genetic CSS syn- 
dromes (see chapter “Cytokine Storm Syndrome Associated with Systemic 
Juvenile Idiopathic Arthritis”) and autoinflammatory syndromes with CSS, such 
as the NLRC4 inflammasome mutation (see chapter “The Intersections of 
Autoinflammation and Cytokine Storm’’), must be considered in this age group. 

The possibility of a coexisting infection must always be considered, particularly in 
patients with sJIA on treatment with biologic other immunosuppressive agents, 
because CSS is associated with infection in more than one-third of cases [1, 7] and see 
Pathophysiology below. To differentiate infections from CSS, serum ferritin and sCD25 
levels are typically higher in association with CSS than in infections and sepsis [18]. 


Diagnosis of sJIA-CSS 


Guidelines for the diagnosis of primary or genetic CSS [19] are well established and 
have been applied to secondary CSS. However, these guidelines have low sensitivity 
for the diagnosis of sJIA-CSS for several reasons: fever, hepatosplenomegaly, 
lymphadenopathy, and elevated levels of ferritin and d-dimers are commonly seen 
in active sJIA; on the other hand, white cell counts, platelet counts, and fibrinogen 
levels may be high in sJIA and may not fall as rapidly or as profoundly in sJIA- 
CSS. In addition, some laboratory test results such as NK cell number and function 
and sCD25 and sCD163 levels may not be available quickly enough to impact 
timely clinical decision-making for the treatment of sJIA-CSS. Finally, tissue hemo- 
phagocytosis, most often evaluated by bone marrow aspirate and biopsy is only 
detected in 30-60% of cases [1]. 

Over the past 10-15 years, there have been a number of efforts to develop more 
sensitive and specific guidelines for the diagnosis of sJIA-CSS (see chapter 
“Alternative Therapies for Cytokine Storm Syndromes’’). In 2005, Ravelli et al. 
published preliminary diagnostic guidelines for MAS complicating sJIA (Table 3) 
[20]. These guidelines were based on a retrospective study designed to differentiate 
sJIA-CSS from active sJIA. These criteria emphasized many of the clinical and 
laboratory features (Tables 4 and 5), which differentiate sJIA-CSS from active sJIA, 
including neurological abnormalities and hemorrhages [20]. Interestingly, this study 
did not evaluate serum ferritin as a diagnostic test, but perhaps most saliently, this 
study highlighted the importance of a relatively low platelet count, taking into 
account the thrombocytosis that typically accompanies active sJIA. These criteria 
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Table 3 Preliminary diagnostic guidelines for MAS complicating sJIA [20] 


e Clinical criteria 
— CNS dysfunction 
— Hemorrhages 
— Hepatomegaly 
e Laboratory criteria 
— Platelets < 262 x 10°/L 
— AST > 59 U/L 
- WBC < 4.0 x 10°/L 
— Fibrinogen <2.5 g/L 
e Diagnosis requires the presence of any two or more laboratory criteria, or any two or three or 
more clinical and/or lab criteria 


e Bone marrow only required in “doubtful cases” 


Table 4 Clinical features of CSS-associated sJIA compared to active sJIA [20] 


Feature CSS-sJIA Active sJIA 

Fever Non-remitting Remitting, quotidien 
Rash Petechiae, purpura Pink, maculopapular 
Diffuse lymphadenopathy ++ + 

Jaundice + — 

Hepatomegaly ++ + 

Splenomegaly ++ + 

Serositis + + 

Arthritis + ++ 

Encephalopathy, seizures + — 

Hemorrhages + = 

Tachycardia + $ 

Hypotension + 


have been shown to be more sensitive for the diagnosis of sJIA-CSS than the HLH- 
2004 criteria [21]. 

Although there are still no validated diagnostic criteria for sJIA-CSS, robust 
international collaborative efforts, involving pediatric rheumatologists and hema- 
tologists, have made substantial progress by developing classification criteria for 
sJIA-CSS. These criteria were established in an intensive multistep process that 
included consensus of an international expert panel and analysis of real patient 
data of over 400 patients who had been diagnosed with sJIA-CSS or a confusable 
condition (active sJIA without CSS or infection) (Table 1) [22]. 

Paying close attention to the changes in relevant laboratory values over time may 
be even more important than defining absolute threshold values in making an early 
diagnosis. A fall in platelet count, an increase in ferritin and AST levels were consid- 
ered most important, followed by changes in white cell count, neutrophil count, 
fibrinogen, and ESR [23, 24]. However, the composite pattern of changes in labora- 
tory values is still most important; for example, a falling ESR, associated with a ris- 
ing CRP may suggest evolving CSS. Extreme hyperferritinemia with ferritin levels 
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Table 5 Laboratory features of CSS-associated sJIA compared to active sJIA [20] 


Feature 


White blood cell count 
Neutrophil count 


Platelet count 
Hemoglobin 
CRP 

ESR 

AST/ALT 
Bilirubin 

LDH 

Ferritin 
Triglycerides 
Fibrinogen 
D-dimer 
PT/PTT 
Soluble [L-2Ra 
Soluble CD163 


CXCL-9/CXCL-10 


Table 6 The MAS/HLH 
score, differentiating primary 
HLH and sJIA-CSS [25] 


Active sIIA 
M 

i 
Noma 
e 

m 
Normal 
Normal 
nooo o on 


Normal/t Normal 


Normal/1 
Normal/t 
Normal 


Feature 


Age at onset, y 


Neutrophil count, x 10°/L 
Fibrinogen, mg/dL 


Splenomegaly 


Platelet count, x 10°/L 
Hemoglobin, g/dL 


Points for scoring 

0 (>1.6); 37 (<1.6) 
0 (>1.4); 37 (<1.4) 
0 (>131); 15 (<131) 
0 (no); 12 (yes) 

0 (>78); 11 (<78) 

0 (>8.3); 11 (<8.3) 


MH score >60 (score range 0-123) proved best in 


discriminating 


sJIA-CSS and primary HLH, with sensitivity 91% 


and specificity 93% 


>10,000 ug/L is strongly associated with CSS [24] but still needs to be interpreted in 
the context of other clinical and laboratory features. 

The differentiation of primary HLH and sJIA-CSS is important because there 
are significant differences in their treatment and expected outcomes. Recently 
the MAS/HLH (MH) score, was developed to discriminate between these diag- 
noses (Table 6, [25]), using the following discriminating variables: age at onset, 
neutrophil count, fibrinogen, platelet count and hemoglobin. Each variable was 
assigned a score based on its statistical weight. An MH score >60 (score range 
0-123) proved best in discriminating sJIA-CSS and primary HLH, with a sensi- 
tivity of 91% and a specificity of 93%. The authors report that the MH score 
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performed similarly well in differentiating primary CSS from a subset of patients 
with CSS at the onset of sJIA. 


CSS on Biologic Agents 


The proportions of sJIA patients who developed CSS in clinical trials of tocili- 
zumab and canakinumab [26] were reported to be approximately 3% and 5% 
respectively, compared with 7-17% of sJIA patients reported to develop CSS in the 
literature. A somewhat more meaningful comparison is the MAS rate per 100 patient 
years, which was 1.8 in the tocilizumab trials and 2.8 in the canakinumab trials, 
compared to a rate of 4—6 in a large pediatric center [27]. However, these trials were 
not appropriately designed or powered to accurately detect true rates of 
MAS. Although there are reports of sJIA-CSS occurring in patients treated with 
anakinra, the MAS rate in sJIA treated with anakinra has not been studied [28, 29]. 
Overall, the rate of MAS does not appear to be substantially altered in patients 
treated with standard doses of IL-1 and IL-6 inhibitors. 

A systematic review of 84 patients with sJIA-CSS occurring while on treatment 
with canakinumab (n = 35) and tocilizumab (n = 49) [7] has helped to elucidate the 
clinical and laboratory features of sJIA-CSS on these biologic agents. These features 
were compared to those of the large historical cohort of 362 patients with sJIA-CSS 
[1]. Patients who developed sJIA-CSS on background treatment with canakinumab 
or tocilizumab had lower median white blood cell counts. A lower proportion of 
patients on tocilizumab had fever (74% vs 96%) and hepatosplenomegaly; platelet 
counts, fibrinogen and LDH were lower and AST was higher. Only 53.4% of the 
patients on background tocilizumab met the 2016 classification criteria for sJIA- 
associated MAS, compared with 77.1% and 78.5% of patients in the canakinumab- 
treated and historical cohorts, respectively. The relatively low sensitivity could be 
attributed to absence of fever or low ferritin levels. These data suggest that the new 
classification criteria may not be sufficiently sensitive for the diagnosis of sJIA-CSS 
in all sJIA patients who are treated with biologic agents. Another study showed that 
tocilizumab-treated patients with sJIA-CSS had significantly lower CRP levels than 
CRP levels in the historical cohort mentioned above [30]. 


Predictors of Poor Outcome 


Multiorgan failure and central nervous system involvement tend to predict a severe 
course of sJIA-CSS [31]. 
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Data from genetically driven hemophagocytic lymphohistiocytosis (HLH) (see 
“Genetics of Cytokine Storm Syndromes”) support several mechanistic models for 
the inherited disorders, depending on whether the genetic lesion affects cytotoxic- 
ity, immunodeficiency, or the inflammasome. In sJIA-CSS, similar complexity may 
underlie genetic predisposition to developing CSS, with further mechanistic hetero- 
geneity arising due to the various triggers that can incite this hyper-inflammatory 
state. Despite this upstream heterogeneity, data from mouse models of CSS and 
sJIA-CSS, together with data from patients with sJIA-CSS, suggest a pathophysi- 
ologic convergence with interferon gamma (IFNy) as a key effector cytokine in at 
least one prevalent scenario. In this section, we summarize information supporting 
this view and mention some exceptions that leave open the possibility of other mech- 
anistic models. We emphasize results from studies of patients with sJIA-CSS and cite 
some data from relevant animal models. We highlight open questions and note some 
particular areas warranting further investigation. 


Triggers of sJIA-CSS 


Uncontrolled sJIA is often the presumed trigger in sJIA-CSS episodes that occur at 
disease onset or during disease flares [32—34]. However, active sJIA is frequently 
associated with recent or concurrent viral infection. Thus, the role of sJIA versus 
infection in CSS episodes in the context of active sJIA is difficult to resolve. In a 
multinational, multicenter study of 362 patients with sJIA-CSS, co-occurrence of 
infection was documented in one third of the cases [1]. Notably, sJIA-CSS can erupt 
during well-controlled sJIA, including in sJIA patients on biologic immunosuppres- 
sive agents. In this case, infections are more strongly implicated as triggers. In a 
compelling example, a study of sJIA-CSS in canakinumab-treated patients identi- 
fied CSS episodes in inactive patients and, overall, infections were the most com- 
mon apparent trigger [27]. In infection-associated CSS, herpes viruses, Epstein—Barr 
virus (EBV), and cytomegalovirus, are frequently culprits ({35] and see chapters 
“Infectious Triggers of Cytokine Storm Syndromes: Herpes Virus Family (Non- 
EBV)” and “Cytokine Storm Syndromes Associated with Epstein-Barr Virus”). 
Less often, drugs, including aspirin, NSAIDs, methotrexate and biologic agents, are 
implicated as possible triggers of sJIA-CSS [33, 36, 37], although it is difficult to 
prove these medications are causative. Gold injections and sulfasalazine have long 
been considered contraindicated in sJIA, because of their reported association with 
CSS [36]. 
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Table 7 Pathological implications of clinical and laboratory features of sJIA-CSS 


Feature Candidate mechanism 

Fever Increased pyrogenic cytokines (IL-1, IL-6) 
Splenomegaly Splenic infiltration by lymphocytes and macrophages 
Cytopenias Suppression by cytokines and ferritin 
Hyperferritinemia Macrophage activation 

Hyperfibrinogenemia Plasminogen-activator induced macrophages 
Hypertriglyceridemia Inhibition of lipoprotein lipase by cytokines 
Elevated soluble CD25 (IL-2Ra) T cell activation 

Elevated soluble CD163 Macrophage activation 


Reduced NK cell cytotoxicity 
Elevated transaminases and 
bilirubin 

Elevated LDH 

Elevated D-dimer 


Genetic defect or transient dysfunction 
Liver infiltration by lymphocytes and macrophages 


Increased cell death 
Hyperfibrinolysis 
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CNS exposure to cytokines and infiltration by immune 
cells 


Elevated CSF cells or protein 


Clinical Markers of sJIA-CSS: Implications 
for Pathophysiology 


Clinical markers used to diagnose sJIA-CSS provide clues to cell types contributing 
to its pathophysiology (Table 7). The high levels of serum ferritin implicate CD163 
(hemoglobin-haptoglobin scavenger receptor)-bearing macrophages, which are 
major producers of ferritin [38]. CD163 is expressed only by monocytes and mac- 
rophages [39], and preferentially on cells undergoing alternate activation and dif- 
ferentiation associated with enhanced phagocytic capacity [40]. It has been argued 
that serum ferritin derives primarily from cell damage [41], but there is evidence for 
secretion from activated murine macrophages by a nonclassical secretory pathway 
[42]. Current data are conflicting as to whether serum ferritin is solely a biomarker 
of inflammation in CSS, contributes to inflammation and immune dysregulation 
through effects on cells, or induces immunosuppression as part of a negative feed- 
back loop [41, 43, 44]. 

Soluble CD163 (sCD163), generated by metalloproteinase-mediated shedding 
of CD163, is also associated with sJIA-CSS. sCD163 indicates monocyte/macro- 
phage activation [45, 46], although its specific function is unknown. Other sJIA- 
CSS clinical markers reflecting macrophage activation include low levels of 
fibrinogen, which likely reflects plasminogen activator release from macrophages 
[47] and phagocytosis of progenitor and mature blood elements in bone marrow, 
liver or other organs. Phagocytosis of hematopoietic stem cells, in particular, sug- 
gests cytokine-driven downregulation of surface CD47 on these cells [48]. CD47 
interacts with signal regulatory protein œ (SIRPA) on macrophages and inhibits 
their phagocytic function. 
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Soluble CD25 (sCD25) is also elevated in sJIA-CSS serum. CD25, the alpha 
subunit of the IL-2 receptor, confers high affinity to the IL-2 receptor complex, by 
combining with CD122 (IL-2rB) and CD132 (y,). CD25 is expressed on effector T 
(Teff) cells, T regulatory (Treg) cells, immature B cells, CD56" natural killer (NK) 
cells (an NK cell subset), natural killer T (NKT) cells, and dendritic cells (DCs) 
[49]. sCD25 results from shedding of the receptor from activated cells; in sJIA- 
CSS, Teff likely make a prominent contribution to sCD25 levels. Published reports 
suggest various functions for sCD25, including antagonism of IL-2, enhancement 
of T cell activation, and immunoregulation of non-T immune cells [50, 51]. 

In summary, elevations of ferritin, sCD163, and sCD25 implicate macrophages 
and T cells in sJIA-CSS. Additional clinical features of sJIA-CSS with mechanistic 
implications are summarized on Table 7 (modified from [52]). 


sJIA-CSS: Inducing Conditions and Effector Phase 


sJIA-CSS is thought to be a process in which a predisposing, dysfunctional immune 
state associated with sJIA is triggered to escalate to a hyper-inflammatory cytokine 
storm. Emerging data, described below, suggest that a subset of sJIA children may be 
at highest risk for this dangerous complication, due to a genetic predisposition to 
dysregulated immune processes, but more investigation of genetic risk is needed. An 
alternative hypothesis is that encounters with triggering stimuli lead to sJIA-CSS, 
and that all children with sJIA are at equal risk. However, the same sJIA patients get 
multiple episodes of CSS, whereas some patients, despite a lot of inflammation, 
never develop CSS. To discuss the pathophysiology, we consider a current paradigm 
(Fig. 1) and describe the CSS process chronologically, in terms of inductive condi- 
tions and effector mechanisms. 


Inductive Phase of sJIA-CSS 
Impaired Cytotoxic Function: Genetic 


The investigation of impaired cytotoxic function in sJIA-CSS was motivated by the 
clinical similarity of sJIA-CSS to a group of monogenic disorders, referred to as 
primary HLH (pHLH), in which mutations affect the perforin-mediated cytolytic 
pathway (see chapter “Murine Models of Familial Cytokine Storm Syndromes”). 
Evidence from animal models with disruptions of the pHLH genes ([53] and chap- 
ter “Murine Models of Familial Cytokine Storm Syndromes”) argues that reduced 
function of key cytolytic lymphocytes (especially CD8 T cells of the adaptive 
immune system) leads to persistence of an ongoing immune response, particularly 
due to lack of killing of stimulatory antigen presenting dendritic cells. 

The strongest evidence for a possible contribution of impaired cytotoxicity to 
sJIA-CSS is genetic. (For a comprehensive discussion of the genetics of sJIACSS, 
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Fig. 1 Schematic diagram of pathophysiology of sJIA-CSS. Feed-forward processes shown in 
solid black or red arrows, the latter for cytokine effects. Feedback processes shown in dotted 
arrows. Cytokines and chemokines shown in red. Chemokines CXCL9 and CXCL10 recruit CD8 
T cells to tissue sites; IL-12 and IL-18 synergize to activate CD8 T cells 





see chapter “Genetics of Macrophage Activation Syndrome in Systemic Juvenile 
Idiopathic Arthritis”). Studies of patients with sJIA-CSS identify a subset (~35%) 
with heterozygous mutations in causative genes for pHLH [54—61]. Mutations in 
pHLH genes in sJIA patients include those previously observed in pHLH patients, 
as well as novel rare variants [56, 57, 60, 62]. One third to one half of pHLH cases 
are caused by inactivating mutations in PRF1, which encodes perforin. Perforin is 
stored in secretory granules of cytotoxic CD8 T lymphocytes (CTL) and NK cells. 
It is released, together with granzyme proteases, into the cleft of an immune synapse 
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(IS) formed with a target cell. Perforin oligomerizes to form a pore in the target cell 
membrane. This allows granzymes to enter the target cell and activate apoptotic 
pathways. pHLH can also be caused by mutations in UNCI3D, RAB27A, STX11, 
STXBP2, which encode proteins that facilitate delivery of perforin to the IS through 
effects on cytolytic granules. The protein encoded by UNC13D, Munc13-4, is a 
Ca**-dependent SNARE (soluble N-ethylmaleimide-sensitive factor attachment 
protein receptor) and phospholipid-binding protein that localizes to and primes 
granules for membrane fusion and exocytosis [54, 59]. Munc13-4 interacts with the 
small GTPase, Rab27a, an endosome-associated protein, to regulate exocytosis of 
lytic granules in CTL [63] and NK cells [64]. Munc13-4 also interacts with Rablla 
[65], which marks recycling endosomes whose fusion with the target cell plasma 
membrane at the IS is essential for cytotoxicity [66]. STX// and STXBP2 encode 
syntaxin 11 and syntaxin binding protein 2, respectively; these interacting proteins 
are required for fusion of Rabl la + endosomes with the plasma membrane [67]. 

Mutations in pHLH genes have been investigated in patients with sJIA and sJIA- 
CSS. An analysis of 31 Italian sJIA-CSS patients for mutations in PRF1, UNC13D, 
STX11, STXBP2, and RAB27A found monoallelic mutations in 11 (35.5%); clinical 
features of the children with mutations were not distinguishable from those without 
[57]. A recent whole-exome sequencing (WES) study of sJIA patients identified 
rare protein-altering variants in UNCI3D, STXBP2, and LYST in 5/14 (36%) sJIA- 
CSS patients versus 4 variants in 4 of 29 (14%) sJIA patients without sJIA-CSS by 
the time of study [56]. LYST (lysosomal trafficking regulator) is involved in traffick- 
ing of Munc13-4 and Rab27a for the terminal maturation of perforin-containing 
vesicles into secretory cytotoxic granules for exocytosis [68]. LYST mutation is 
responsible for the Chediak—Higashi disease, which is sporadically associated with 
CSS [69]. In the WES study, 22 rare variants were found in at least two patients, and 
pathway analysis suggested that many of the variant genes encoded proteins 
involved in vesicle-mediated transport and cellular organization [56]. Investigations 
of the effects on cytotoxic cell function of new rare variants in pHLH genes or new 
candidate genes are on-going [62, 70]. Taken together, these genetic studies support 
the hypothesis that inherited alterations affecting granule-mediated cytolytic func- 
tion increase susceptibility to sJIA-CSS in a subset of sJIA patients, although more 
work is needed to definitively link these mutations to altered cytolytic function in 
patients and to sJIA-CSS predisposition. 


Impaired Cytotoxic Function: Acquired 


The investigations of cytotoxic cell dysfunction in sJIA began before there was 
evidence that a subset of sJIA patients have genetic alterations in the pathway. Initial 
data suggesting a cytotoxicity defect emerged primarily from studies of NK cells, 
cytotoxic lymphocytes of the innate immune system. These cells, like CD8 T cells, 
are important in host defense and in homeostatic immune mechanisms required to 
curtail immune responses. Evidence (though conflicting, see below) has been pre- 
sented suggesting sJIA NK cells can be defective in sJIA and more frequently in 


Cytokine Storm Syndrome Associated with Systemic Juvenile Idiopathic Arthritis 361 


sJIA-CSS. The most consistent observation is reversibly lowered numbers during 
sJIA-CSS; other phenotypes variably reported for sJIA NK cells include reversible 
decreases in NK activity, associated with low perforin and granzyme B, and defec- 
tive degranulation [57, 71-73]. Circulating CD56" NK cells isolated from active 
sJIA patients show reduced levels of granzyme K [74], an enzyme implicated in 
killing of autologous activated T cells by this subset. This specific killing defect 
may contribute to expansion of activated CD8 T cells in sJIA-CSS. 

The reversibility of all the NK defects reported to date implicates environmental 
influence, and indeed, NK cell development, number and function are modulated by 
cytokines (reviewed in [75]). For example, after ligation of activating receptors, NK 
cells require inflammatory cytokine stimulation for optimal effector function. Two 
cytokines elevated in serum during active sJIA are among those that regulate NK 
cells: interleukin (IL)-6 and IL-18. Transcriptional analysis of circulating NK cells 
from active sJIA patients revealed effects of in vivo exposure to IL-6 [74]. In an 
IL-6 transgenic mouse that develops CCS features after exposure to innate stimuli, 
elevated IL-6 led to reversible reductions in perforin and granzyme B in NK cells, 
without effects on degranulation or IFNy production, and data from four sJIA 
patients suggested similar changes that improved after treatment with IL-6 inhibi- 
tion [76]. In the case of IL-18, a known stimulator of NK function, the initial finding 
of high circulating IL-18 and low NK function in sJIA-CSS seemed hard to recon- 
cile; however, a negative correlation between IL-18 serum levels and NK cell num- 
ber is observed in studies of several diseases (e.g., [77]). In vitro evidence suggests 
that sJIA NK cells isolated from blood are IL-18-insensitive, as reflected in reduced 
downstream signaling [74, 78]. Interestingly, in one study, patient cells showed 
higher baseline activation of downstream IL-18 mediators (ERK1/2), raising the 
possibility that in vivo exposure to high IL-18 might drive receptor insensitivity 
tested in vitro. Decreased IL-18 responsiveness of NK cells, in particular reduced 
production of IFNy, was proposed as a possible feedback mechanism to inhibit 
sJIA-CSS [74]. [see more on IL-18 below]. 


Other Candidate CSS-Predisposing Immune States in sJIA 


One consequence of reduced cytolytic activity in mouse models of pHLH type 
CSS is the expansion and activation of poorly cytolytic CD8 T cells in tissue. This 
is likely due, at least in part, to their continued interaction with antigen presenting 
cells that are not killed. sJIA-CSS liver biopsies show extensive infiltration of 
IFNy+ CD8 T cells [79]; the proposed role(s) of these cells in sJIA-CSS is dis- 
cussed below (sJIA-CSS effector phase). Recent intriguing evidence from a perfo- 
rin-null mouse model of CSS adds to this mechanism; a synergistic effect on IFNy+ 
CD8 T cell expansion was observed, mediated by the alarmin IL-33, which is 
released from necrotic cells and signals through an innate immune receptor [80]. 
However, genetic causes of sporadic or persistent CSS without cytotoxic defects 
are also known [81]. 
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Interleukin-16 (IL-1) and IL-6 are strongly implicated in sJIA pathogenesis, 
most notably by the clinical efficacy of their inhibitors [82, 83]. Neither appears 
directly linked to CD8 T cell expansion (except as mediated indirectly by IL-6 
effects on NK cells as discussed above). Monogenetic autoinflammatory diseases 
caused by IL-1 excess are not known to be accompanied by CD8 T cell expansion 
[84]. Serum levels of IL-1 and IL-6 are usually noted to be similar between sJIA 
patients with and without CSS [85]. Although successful treatment of SJIA-CSS 
with inhibitors of these cytokines, particularly with the IL-1 receptor antagonist, 
anakinra, has been observed in the effector phase (reviewed in [86]), these thera- 
pies do not fully protect against CSS [7, 26, 87, 88] as might be expected if either 
IL-1 or IL-6 were required or were solely sufficient to drive an early step in CSS 
pathogenesis. 

Notably, evidence is building for a possible predisposing role of interleukin 18 
(IL-18) in sJIA-CSS, although many open questions remain. IL-18 is a pleotropic 
cytokine, whose earliest known effects were promotion of Ty1 cell differentiation 
and IFNy secretion by NK and T cells [89, 90]. The inactive IL-18 precursor is 
constitutively expressed in nearly all cells. Processing and secretion of mature IL-18 
requires activation of the NLRP3 inflammasome, an intracellular complex of pro- 
teins that forms after innate stimuli. IL-18 activity is regulated by its endogenous 
inhibitor, IL-18 binding protein (IL-18BP), which is induced by IFNy. Recently, 
Canna et al. identified an NLRC4 (inflammasome) activating mutation resulting in 
excessive free IL-18 and CSS-associated autoinflammation. Successful treatment of 
NLRC4-CSS with IL-18BP indicated the pathogenic role of IL-18. Cytotoxic 
defects are not observed in this disorder, implying a distinct route to CSS [91]. 

Importantly, high serum IL-18 is a biomarker of CSS-risk in sJIA patients [92, 
93]. Levels in sJIA patients can be elevated to over 30X the level found in healthy 
controls. High levels persist during active sJIA-CSS and slowly decrease with the 
administration of immunosuppressive therapy [94]. The cellular origins of IL-18 in 
sJIA-CSS have not been elucidated fully. However, there is evidence for bone mar- 
row macrophages [95] and gut epithelia [96]. The mechanism linking IL-18 to CSS 
risk is unknown. Effects of IL-18 on sJIA NK cells purified from circulation have 
been investigated (discussed above), but data on effects of high IL-18 on tissue T 
cells are lacking and this is an important avenue for future study. 

To assess IL-18 effects, there is general agreement that free IL-18 is the relevant 
metric that correlates with clinical status in CSS [97]. There is some controversy over 
how best to measure the free form. Another issue is that IL-18 has different effects 
depending on the overall cytokine milieu. In the presence of IL-12, IL-18 drives T 
cell differentiation to T41 cells and IFNy secretion by NK and CD8 T cells [89]. 
However, in the absence of sufficient IL-12, IL-18 can promote T cell differentiation 
to Ty2 cells [90]. Although IL-12 is not identified as a signature serum cytokine in 
sJIA, increases are observed in serum and/or CSS-relevant tissues, such as liver and 
spleen, in animal models that resemble sJIA-CSS phenotypically [98, 99]. 
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Effector Phase of sJIA-CSS 
Interferon Gamma and Insufficient Counter-Regulation by Interleukin-10 


Expanded and activated CD8 T cells appear to be key drivers of the effector phase 
of sJIA-CSS. No therapeutic interventions currently target activated CD8 T cells 
specifically, but the efficacy of cyclosporine A in sJIA-CSS [33] is consistent with a 
key role for T cells [100]. In the inductive pathway characterized by cytotoxic 
defects, the duration of the CD8 T cell/dendritic cell IS is likely extended, increas- 
ing cytokine production by cytotoxic cells, in particular, IFNy [101]. Based on 
mouse models, other factors, including innate stimuli and cytokine milieu, likely 
contribute to IFNy production by tissue CD8 T and by other cells [80, 98, 99]. 

Regardless of mechanism leading to its expression, IFNy has been shown to be a 
critical effector in conditions relevant to sJIA-CSS, including pHLH disorders, ani- 
mal models based on pHLH (reviewed in [102]) and other animal models resem- 
bling sJIA-CSS [98, 99]. Antibody-mediated blockade of IFNy is sufficient to 
improve survival in the animal models [53, 99] and a pilot phase 2 study of anti- 
IFNy antibody in children with pHLH also showed efficacy [103]. 

Two studies found significantly elevated serum levels of IFNy and IFNy-induced 
proteins (e.g., CXCL9, CXCL10, IL-18BP) in sJIA-CSS, compared to levels in 
active or inactive sJIA patients or in healthy controls [85, 104]. These levels 
decreased with sJIA-CSS resolution [85]. The chemokines, CXCL9 and CXCL10, 
reflect tissue activity of the IFNy pathway and act to recruit CD8 T cells [105], and 
T41 and NK cells to tissue, amplifying the potential for persistent IFNy production. 
Different cells produce IFNy in various animal models of CSS [53, 98, 106, 107], 
and although CD8 T cells are strong candidates for this function in the current sJIA- 
CSS paradigm, identification of all IFNy-producing cell(s) in sJIA-CSS requires 
more investigation. 

IL-10 is a regulatory/immunosuppressive cytokine, known to counter-regulate 
IFNy [107, 108]. In the repeated TLR9 stimulation mouse model of CSS, IL-10 
receptor blockade greatly increases disease [107]. Transcriptional profiles of chil- 
dren with sJIA-CSS show signatures consistent with activity of IL-10, suggesting an 
effort at suppression of the on-going inflammation [109]. Notably, sJIA-linked IL-10 
polymorphisms are associated with decreased IL-10 activity [110], which could pre- 
dispose to a more aggressive effector phase in sJIA-CSS. Less IL-10 activity may 
limit, for example, [L-10-driven, regulatory NK cells, shown to arise in systemic 
infection/inflammation in mice [111] or B-regulatory cells [112]. The range of 
cellular sources of IL-10 in sJIA-CSS has not been elucidated. 

A substantial body of evidence argues for an etiologic role for IFNy in sJIA- 
CSS. However, a CSS condition has been described in two children who lack IFNy 
receptors, implying other pathways [113]. In a mouse model of CSS based on 
repeated TLR9 stimulation, features of CSS, except for anemia, are independent of 
IFNy in the absence of IL-10 [107], and in a mouse model of [L-17-driven inflam- 


364 R. Schneider et al. 


mation with clinical similarity to sJIA, without ferritinemia, IFNy derived from NK 
cells provides an ameliorating effect [114, 115]. Thus, IFNy may not be essential to 
disease pathophysiology in all types of CSS. 


Monocytes/Macrophages 


A central player in the effector phase of sJIA-CSS appears to be the macrophage, 
which is a well-studied target of IFNy activation and a robust producer of cytokines. 
Macrophages are highly sensitive to their microenvironment and highly plastic in 
response, leading to a spectrum of polarized states from pro-inflammatory to regula- 
tory/repair [116]. At the inflammatory end of the spectrum, driven by IFNy, are M1 
or classically activated macrophages. A number of lines of evidence implicate M1 
macrophages in the sJIA-CSS effector phase in tissues like liver and spleen, where 
the IFN pathway is activated [99]. For example, in a study that included patients 
with sJIA-CSS, neopterin, a product of IFNy-stimulated macrophages, was 70% 
sensitive and 95% specific for CSS [117]. IFNy drives macrophage production of 
IL-6 and TNF, the cytokines observed in macrophages in sJIA-CSS liver biopsies 
[79]. Other products of M1 macrophages include IL-12, CXCL9, and CXCL10, 
which amplify the IFNy effect. Polymorphisms in IRF5 (interferon regulatory fac- 
tor 5), are associated with sJIA-CSS in Japanese patients [118]. IRF5 is a transcrip- 
tion factor, downstream of toll-like receptors (TLR) 7,8,9 and other stimuli, that 
also drives the M1 macrophage phenotype [119]. Analyses of IRF5 polymorphisms 
in other sJIA cohorts are needed, but, notably, a murine model of CSS driven by 
repeated TLR9 stimulation also argues for a contribution of macrophages to sJIA- 
CSS pathology [107]. Cytotoxic cells participate in removal of activated macro- 
phages (reviewed in [86]). Therefore, the defects described as predisposing 
influences for sJIA-CSS development likely also contribute to the uncontrolled 
macrophage activation of the effector phase of sJIA-CSS. 

IFNy is also implicated as the direct or indirect driver of hemophagocyte devel- 
opment [120]. The latter may be more likely as hemophagocytic macrophages in 
tissues bear CD163, a key marker of alternatively activated (M2) macrophages, 
which are associated with regulation of inflammation, tissue repair and phagocyto- 
sis. Indeed, no direct evidence indicates a pathogenic role for hemophagocytic mac- 
rophages, although they are often described as pathognomonic of sJIA-CSS [5, 
121]. These cells are neither sensitive (only 60%) nor specific for sJIA-CSS, as they 
also occur in other conditions. 

The appearance of alternatively activated macrophages in sJIA-CSS brings to 
mind several studies of circulating mononuclear cells in sJIA. Transcriptional 
profiling of these cells in sJIA patients with highly elevated ferritin (consistent 
with a more sJIA-CSS like-phenotype) compared to those without hyper-ferri- 
tinemia showed enrichment for genes that downregulate TLR/interleukin-1 
receptor-triggered inflammation and for genes encoding markers of M2 macro- 
phage differentiation [122]. MicroRNA analysis of monocytes from active sJIA 
patients showed a significant increase in miR-125a-5p, which plays a role in M2 
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polarization [123]. In active sJIA, circulating CD14+ monocytes (representing 
~85% of all blood monocytes) with M1 phenotype are reduced and monocytes 
with mixed M1/M2 phenotype, associated with myeloid derived suppressor cells 
that downregulate inflammatory responses are increased [124]. Serum markers of 
M2 monocytes, namely, heme-oxygenase | (HO-1), sCD163, and IL-10, are ele- 
vated in sJIA-CSS [125]. These signatures in blood appear to reflect a response to 
inflammatory activity in tissues. Notably, steroids, an effective therapy for sJIA- 
CSS, promote monocyte differentiation into M2 macrophages [126]. In clinically 
inactive disease, circulating M2 monocytes tend to increase as a proportion of 
monocytes [124]. Serum concentrations of HO-1, sCD163, and IL-10, as well as 
IL-18, remain elevated, whereas clinical parameters and other pro-inflammatory 
cytokines normalize [125], apparently reflecting a state of compensated inflam- 
mation. Thus, circulating immunosuppressive monocytes likely are a response to 
hyper-inflammation in the tissues. 


Treatment of sJIA-CSS 


General Principles 


Infections, particularly viruses, may trigger CSS and potential organisms should be 
diligently sought and treated, if possible. Given the potential for the development of 
multiorgan failure in CSS, appropriate supportive care, including an intensive care 
unit, should be readily accessible. 


Initial Approach 


There is widespread consensus among pediatric rheumatologists that full-blown 
sJIA-CSS should initially be treated with high dose systemic glucocorticoids. 
Intravenous pulse methylprednisolone (30 mg/kg up to 1000 mg) daily for 3—5 days 
is commonly used, followed by prednisone 1-3 mg/kg/day, although higher doses 
may be required if there is not a satisfactory and prompt response. Dexamethasone 
may be preferred to oral prednisone if there is significant central nervous system 
involvement. 

Since sJIA-CSS often occurs in a pro-inflammatory context associated with high 
systemic disease activity, treatment is best directed at controlling both active sJIA 
and CSS. Although ongoing treatment with IL-1 inhibitors in sJIA does not prevent 
the development of CSS, there are several reports that suggest anakinra is effective 
in treating sJIA-CSS [28, 127-130]. 

Higher doses of anakinra than are typically used to treat active sJIA, even exceed- 
ing 8—10 mg/kg/day or 400 mg daily in AOSD, have been used [131, 132]. Clinical 
trials in patients with septic shock suggest that much higher doses of anakinra of 
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1—2 mg/kg/hour by intravenous infusion for 3 days are well tolerated [133]. Moreover, 
patients with sepsis syndrome and features of CCS, defined as hepatobiliary dysfunc- 
tion and disseminated intravascular coagulation, have been reported to have improved 
survival with treatment with these very high doses of anakinra [134]. However, there 
are currently no formal studies to support this approach in severe sJIA-CSS. 

Our preferred approach is to start treatment of new-onset sJIA-CSS with the 
combination of intravenous pulse methylprednisolone and anakinra. A prompt and 
substantial improvement in CSS may enable accelerated weaning of systemic glu- 
cocorticoids, particularly if anakinra also proves to be effective in controlling the 
underlying systemic disease. In the absence of a rapid response to high-dose sys- 
temic glucocorticoids or if there is significant multiorgan involvement, adding 
cyclosporine (2—7 mg/kg daily) can induce rapid improvement in clinical and labo- 
ratory features of CSS, often within 24—48 h [100, 135-137]. Dose adjustment to 
reach a trough serum level of cyclosporine of 150—200 may be necessary to achieve 
an optimal response. 

Intravenous immunoglobulin is sometimes used in combination with glucocorti- 
coids or cyclosporine. Although IVIg has been reported to be effective as initial, 
isolated treatment for CSS [138], there is little evidence for its efficacy as an iso- 
lated treatment for sJIA-CSS. If there is an imperative to initiate treatment for CSS 
before completing the diagnostic workup such as bone marrow examination or tis- 
sue biopsy, IVIg or anakinra may be considered, as these agents will not confound 
the subsequent diagnosis of a malignancy and IVIg will not exacerbate an associ- 
ated infection. 


Severe or Refractory sJIA-CSS 


For severe CSS that is unresponsive to the combination of high dose systemic glu- 
cocorticoids, anakinra and cyclosporine, there is no consensus about the optimal 
approach to treatment. In the large international series of patients with sJIA-CSS, 
almost all (98%) received systemic glucocorticoids, administered intravenously in 
89% [1]. The other commonly administered medications were cyclosporine (62%) 
and intravenous immunoglobulin (36%). Biologic agents, most commonly anakinra, 
were used in only 15% and etoposide in 12% of patients and other immunosuppres- 
sive agents, including methotrexate and cyclophosphamide, in 7% of patients. 
Plasma exchange was performed in 4%. 

Treatments used for primary HLH may be considered, including those used for 
refractory primary HLH. Consultation with a hematologist experienced in the man- 
agement of CSS may be helpful. Etoposide can be very effective, but its use must 
be balanced with the risks of serious infections and bone marrow suppression [139]. 
To minimize the side effects of etoposide, the dose should be reduced if there is 
impairment of renal function or liver function. It may be possible to retain the effi- 
cacy of etoposide while limiting its potential toxicity by using lower doses of eto- 
poside, administered less frequently and for shorter duration than typically used for 
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the treatment of primary HLH. In one case series, etoposide 50-120 mg/m? was 
administered once weekly for 4—7 weeks, considerably less than suggested in the 
primary HLH protocols (150 mg/m? twice weekly) [140]. A recent consensus state- 
ment by the HLH Steering Committee of the Histiocyte Society similarly supports 
consideration of etoposide for severe, refractory secondary CSS at a dose of 
50-100 mg/m? [141]. 

Anti-thymocyte globulin, which depletes CD4 and CD8 T cells, has been used to 
treat secondary CSS refractory to high dose glucocorticoids and cyclosporine [142] 
and may be considered especially when sJIA-CSS is associated with severe liver or 
renal impairment [102]. 

Alemtuzumab, a monoclonal antibody which effectively and rapidly depletes 
CD52 expressing B and T lymphocytes, monocytes and macrophages, has been 
used to treat refractory primary HLH [143]. Alemtuzumab has also been used as a 
component of a hematopoietic stem cell transplant (HSCT) conditioning regimen 
for JIA patients, including some with CSS and has been purported to be less toxic 
than the standard regimen [144]. Thus far, however, there are only anecdotal reports 
of alemtuzumab treatment for severe sJIA-CSS who do not require HSCT and its 
use may be complicated by severe viral infections. 

Plasma exchange may be considered as a temporizing measure for severe mani- 
festations of CSS or for patients with CSS that is refractory to standard therapy 
[145-148]. 


Other Biologic Agents 


Although there are some reports of improvement of sJIA-CSS with treatment with 
etanercept and infliximab [149-151], etanercept has been associated both with ini- 
tiation of CSS in sJIA [37] and worsening of CSS in AOSD [152]. Thus, there is no 
clear role for TNF inhibitors in the treatment of sJIA-CSS. 

There are several reasons to consider treatment of sJIA-CSS with tocilizumab, an 
anti-IL6 receptor antibody: it is a very effective for treating active sJIA [82]; it is 
used to the treat the CSS associated with chimeric antigen receptor-modified T cell 
therapy in patients with leukemia [153], and there are reports of its efficacy in 
treating AOSD-associated CSS [154-156]. However, evidence for this approach in 
sJIA-CSS is lacking and therefore the role of tocilizumab in sJIA-CSS is unclear. 

Patients with sJIA who develop CSS associated with an Epstein-Barr virus infec- 
tion may benefit from treatment with rituximab to eliminate EBV-infected B cells 
and to increase viral clearance, in conjunction with immunosuppressive therapy 
[157] (see chapter “Cytokine Storm Syndromes Associated with Epstein-Barr 
Virus”). However, there are no safety data to support the use of rituximab in patients 
already on a longer-acting biologic agent, such as canakinumab, tocilizumab, or a 
TNF inhibitor. Although antiviral agents may be considered, their role remains 
unclear, particularly considering their potential myelotoxicity [158]. 
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Treatment of sJIA-CSS While on Treatment with Biologic 
Agents 


When CSS occurs in sJIA patients on treatment with biologic agents, standard treat- 
ment can be initiated with high dose systemic glucocorticoids, with or without, 
cyclosporine, IVIg and other primary HLH treatments added as needed. However, 
the optimal role of biologic agents is not clear. In the major clinical trials of IL-1 
and IL-6 inhibitors in sJIA, these biologics have been discontinued when the diag- 
nosis of CSS has been made. However, withdrawal of IL-1 or IL-6 inhibition should 
be done with caution and vigilance, as this may amplify the inflammatory milieu 
and potentially worsen features of MAS. One approach to patients who develop 
CSS while already treated with anakinra is to increase the dose of anakinra in accor- 
dance with doses used for CSS (see above and [131]). The safety of adding anakinra 
to other biologic agents, particularly those targeting a different cytokine pathway, 
has not been established, although it has been used with apparent safety together 
with abatacept in a small case series [159]. Although there are currently no clear 
guidelines for restarting biologics after an episode of sJIA-CSS has been con- 
trolled, Yokota et al. [87] reported restarting tocilizumab in sJIA patients who 
developed CSS while on this biologic agent, without recurrence of CSS. 


Novel Treatment Approaches Under Active Investigation 


Interferon-y (IFNy) Neutralization 


IFNy has been identified as a pivotal mediator in murine models of primary HLH 
[53] and marked elevations of IFNy and IFNy-induced cytokines, especially CXCL9 
and CXCL10, are seen in sJIA-CSS but not in active sJIA [98]. Moreover, IFNy, 
CXCL9Y, and CXCL10 levels correlate with laboratory features of CSS, providing a 
strong rationale for a trial of IFNy blockade in sJIA-CSS. NI-0501 (emapalumab) is 
a fully human IgG1 monoclonal antibody that binds free and receptor-bound IFNy 
and is being studied in a clinical trial of children with active primary HLH [85]. 
Analysis of preliminary data from this pilot phase 2 study suggested that ema- 
palumab was well tolerated, even in patients who had concurrent infections, and 
that there was an improvement in HLH features with reduction in systemic gluco- 
corticoid doses in responders [103]. 
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Targeting IL-18 


IL-18 levels are not only increased in sJIA, but they are also predictive of the devel- 
opment of sJIA-CSS [93]. Moreover, IL-18 levels may be even higher during sJIA- 
CSS, with free IL-18 levels being specifically elevated [96, 160]. These observations 
make IL-18 blockade an attractive option for sJIA-CSS. This approach is supported 
by a mouse model in which IL-18 blockade with a monoclonal antibody, reduced 
the severity of CSS in IL-18BP knock-out mice [161] and by another murine HLH 
model, in which treatment with IL-18BP reduced hemophagocytosis and organ 
damage [162]. Also, of interest, the preliminary results of an open-label, phase II 
clinical trial of tadekinig alfa (recombinant IL-18BP) in patients with active AOSD 
suggest that this treatment has a favorable safety profile and may show early signs 
of efficacy [163]. 


JAK Inhibitors 


Janus tyrosine kinases (JAK), JAK 1 and 2, are critical to the downstream signaling 
of IFNy. In mouse models of both primary and secondary HLH, inhibition JAK 
function has been shown to improve clinical and laboratory features of CSS [164]. 
A recent report of the successful treatment of a child with refractory, secondary CSS 
with the JAK 1/2 inhibitor, ruxolitinib [165], suggests that JAK inhibition might be 
another therapeutic avenue that merits further investigation. 


Allogeneic HSCT 


With improved outcomes likely associated with a less toxic conditioning regimen 
that includes alemtuzumab, allogeneic HSCT may be considered for severe, recurrent 
or refractory sJIA-CSS. Of 16 JIA patients recently reported to have allogeneic 
HSCT using this regimen, 5 had sJIA and CSS. One patient died and 4 were in 
clinical remission at the time of the report [144]. 


Treatment Summary 


The key to successful treatment of sJIA-CSS is early recognition and diagnosis of 
CSS. The prompt administration of high dose systemic glucocorticoids, with or with- 
out high dose anakinra, often results in clinical improvement. If there is an inade- 
quate response to treatment within 24—48 h, clinical and laboratory deterioration 
or severe multisystemic involvement, adding cyclosporine can be very effective. 
For sJIA-CSS refractory to these treatments, the clinician should consider etoposide 
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or other treatments used for primary HLH. Further studies of novel, promising treat- 
ments with potentially less toxicity, particularly those targeting IFNy and IL-18, will 
help to define their roles in treating sJIA-CSS. 
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Introduction 


The concept of autoimmune-associated hemophagocytic syndrome in Systemic 
Lupus Erythematosus (SLE) was first introduced in the early 1990s, when six cases 
of hemophagocytosis were described as complication of SLE [1, 2]. SLE is the 
prototype of autoimmune diseases and can manifest with a plethora of clinical signs 
and symptoms associated with a myriad of laboratory abnormalities [3]. SLE is 
characterized by the production of autoantibodies mainly directed toward nuclear 
components, named anti-nuclear antibodies (ANA) [4]. It primarily affects females 
with a 10:1 female-to-male ratio, and with a US incidence and prevalence of ~73 
and ~5 per 100,000 persons, respectively [5]. Genetics, sex, and environment are the 
three major factors that influence the development of SLE, that is, the “lupus troika” 
[6, 7]. The last two decades have witnessed tremendous advancement in both 
research and treatment; nevertheless, lupus remains a disease of unknown etiology 
[8]. An infrequent but potentially lethal complication of SLE is macrophage activa- 
tion syndrome (MAS). MAS is generally considered part of the spectrum of hemo- 
phagocytic lymphohystiocytosis (HLH), and it can potentially occur in any 
autoimmune condition although adult-onset Still disease (AOSD) and SLE are the 
most frequent [9]. The diagnosis of MAS in SLE can be very challenging due to 
similarities in presentation of both flares and infections [10, 11]. And while MAS 
classification criteria have been used and in part validated for pediatric SLE [12], 
there is no consensus for adult SLE, leaving the latter at increased risk of poor out- 
come. In this chapter, we discuss several aspects of MAS in the context of SLE. In 
particular, we discuss the pathogenesis of MAS in SLE, how MAS presents in pedi- 
atric versus adult SLE (Table 1), and, finally, MAS treatment in SLE and future 
directions. 
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Table 1 Clinical Vanables -SLE | aSLE 

characteristics of MAS in Fever Pores rer 

SLE 
Cytopenias Fik lett 
Hyperferritinemia +++ (ii 
Increased liver function tests | +++ | +++ 
Acute pancreatitis +++ |+ 
With lupus onset +++ |+ 
With lupus disease flare + +++ 
With infections ++ + 
Recurrence = py 
Ravelli lupus MAS criteria |+++ |++ 
HLH-2004 criteria + ++ 
2006 sJIA criteria +++ ++ 
High dose corticosteroids +++ | +++ 
Anakinra/cyclosporine +++ |+ 
IVIg +++ |+ 
Cyclophosphamide + 44 


SLE and MAS Pathogenesis 


Hemophagocytic lymphohystiocytosis (HLH) is a spectrum of hyperinflammatory 
conditions which can be inherited or acquired [13]. When HLH occurs in the con- 
text of autoimmune conditions, it is termed macrophage activation syndrome, or 
MAS [14]. Patients with SLE are at significantly increased risk of developing MAS, 
in both children and adults [13]. An aggravating factor for MAS in lupus is that the 
two conditions share several manifestations such as fever, lymphadenopathy, sple- 
nomegaly, and cytopenias [15]. Very often, it is difficult to distinguish them; indeed, 
lupus flares can resemble MAS. Hence, early diagnosis is extremely important, as 
MAS in lupus can be fatal [15]. 

The pathogenesis of SLE is considered multifactorial [16]. The major players are 
autoreactive B and T cells along with dysregulated dendritic cells and cytokines, 
such as interferon alpha [7, 17, 18]. A paramount feature is the production of auto- 
antibodies directed toward nuclear components (ANA), but the true cause of the 
so-called “horror autotoxicus” (the horror of self-toxicity) remains elusive [4, 19]. 
Genetic studies in the last two decades have pointed to an extraordinary number of 
single nucleotide polymorphisms in three major areas of the immune system: dys- 
regulation of T and B cells signaling, delayed immune complexes clearance, and 
intrinsic activation of the Innate immune system [20]. The tremendous knowledge 
acquired with these studies has allowed for specifically targeting T and B cells func- 
tions and even the innate immune activation of interferon alpha, the latter consid- 
ered a major player in the activation of the autoimmune process [8, 21]. Nevertheless, 
most large international trials have been quite disappointing and have not met their 
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primary end point, demonstrating how challenging the treatment for this complex 
disease can be [22]. 

Although the genetic mutations of familial ()HLH generally do not always occur 
in SLE [23], both MAS and SLE share a number of immune molecular pathways. 
This is perhaps why lupus is the autoimmune disease in which MAS most com- 
monly occurs. 

MAS pathogenesis is in part considered driven by a series of events that involve 
Toll Like Receptor (TLR) 9 engagement by CpGs, production of interferon gamma 
which via JAK1 and JAK2 and STAT1 phosphorylation activate the transcription of 
interferon-stimulated genes [24]. These gene products eventually culminate in the 
ignition of the “cytokine storm” characterized by the unusually high production of 
proinflammatory cytokines, such as IL-6, TNF, IL-12, and IL-1 (please see previous 
chapters for more extensive and comprehensive description of MAS pathogenesis). 
Interestingly, TLR triggering by CpGs is thought to be an important activator of the 
lupus autoimmune system [25], and viral infections have been one of the first envi- 
ronmental factors identified as capable of predisposing to lupus or inducing flares 
[26]. Attempts at blocking TLR9 in clinical trials have yet to demonstrate efficacy. 
Nevertheless, hydroxychloroquine, which is widely used in SLE, is thought to 
reduce TLR activation [27], and recently has been shown to decreases the incidence 
of MAS in SLE [28]. Another common pathway of activation and actively targeted 
in SLE is JAK1/2 phosphorylation [29]. The latter is specifically important in the 
signaling of cytokines critical in the pathogenesis of SLE such as interferon alpha 
which would in turn activate production of IL-6, but also IL-12 and IL-23 [30, 31]. 
A phase II clinical trial with baricitinib, a JAK1/2 inhibitor, and a phase II clinical 
trial with ustekinumab, a monoclonal antibody targeting IL-12/IL-23, have demon- 
strated promising efficacy in moderate lupus and are undergoing phase III clinical 
trials [32, 33]. Finally, both IL-10 and IL-6 are considered important participants to 
the inflammatory damage and B cell activation in lupus, and are currently targeted 
in Phase I and II clinical trials to demonstrate that blocking their activity would also 
impair the autoimmune response in lupus [21]. It will be interesting to determine if 
they will show efficacy in lupus disease activity but also decrease the occurrence of 
MAS as shown by the use of hydroxychloroquine [28]. For many commonalities 
among the two pathogeneses, SLE and MAS also differ. For example, IL-1 produc- 
tion is considered a fundamental step in activating the cytokine storm [23]. Indeed, 
anakinra, an IL-1 receptor antagonist (IL-lra), has shown dramatic therapeutic 
effects [34, 35]. Surprisingly, canakinumab, another [LIra, although has shown 
important effects on sJIA, it did not prevent MAS [36]. Nevertheless, IL-1 tends not 
to increase during lupus flares and IL-Ira has yielded conflicting results [37—39]. 
Hence, IL-1ra therapy in lupus has yet to be fully tested [34, 40-43]. Finally, NK 
cells and cytotoxic CD8 T cell dysregulation are both important in the pathogenesis 
of MAS, while a definitive role in SLE has yet to be demonstrated [24]. 
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MAS in Childhood-Onset SLE 


Lupus disease is a complex autoimmune condition which can occur in both children 
and adults. Childhood-onset SLE (cSLE) is rare in infants but its incidence and 
prevalence in children is estimated to be 2.22 and 9.73 per 100,000 respectively, 
which is ten time less than the adult-onset (a)SLE [4446]. Interestingly the female- 
to-male ratio in cSLE is lower in young children but approaches the adult ratio by 
teenage onset [44—46]. The difference is thought to be due to the hormonal environ- 
ment in the adult life which would predispose females to lupus [44—46]. Although, 
a definitive demonstration has yet to be achieved. Major clinical differences between 
cSLE and aSLE are the increased incidence of neurological and renal organ involve- 
ment and the higher use of steroids in the former [47, 48]. Nevertheless, large cSLE 
cohorts have not demonstrated a significant increase in accrual damage in cSLE 
when compared to aSLE. One worrisome exception is the significant increased mor- 
tality in cSLE during renal-replacement therapy [49]. Finally, mid- to long-term 
studies in cSLE are lacking, primarily due to the scarcity of dedicated lupus adoles- 
cent transition clinics [50]. Some of the clinical differences in cSLE compared to 
aSLE also account for the increased difficulties in diagnosing MAS in cSLE. One 
of the most challenging aspects of MAS in cSLE is the capacity to discriminate 
lupus flares, and/or infections, from the occurrence of MAS. And although aSLE is 
a borderline rare disease, the prevalence of MAS in cSLE is estimated to be up to 
9%, and mortality near 20-25%, hence a particularly dangerous and troublesome 
manifestation [51]. 

The latest MAS classification criteria for Systemic juvenile idiopathic arthritis 
(sJIA) were developed in 2016 and have not been validated for cSLE [52]. A major 
issue for cSLE is that the disease itself is characterized by cytopenias even during 
periods of remission, rendering the classification criteria particularly difficult to 
apply [15]. In 2009, Parodi and colleagues developed the preliminary diagnostic 
guideline specifically for MAS as complication of cSLE [12]. These criteria yielded 
a sensitivity of 92.1% and a specificity of 90.9%. A recently published large cSLE 
cohort from a single pediatric tertiary center reported 38 patients with concomitant 
MAS [53]. In this particular cohort, all cSLE patients diagnosed with MAS met the 
preliminary diagnostic criteria providing the support for further validation [53]. 
Multiple studies have reported that cSLE patients do not carry gene mutations in 
known fHLH genes involved in the granule-dependent cytolytic secretory pathway 
and rarely have heterozygosity of variants of uncertain significance [53]. These 
findings, albeit limited by the lack of systematic gene sequencing in cohorts of 
cSLE patients, suggest the multifactorial nature of MAS in cSLE and that the for- 
mer is not driven by the same genetic predispositions. 

A consistent observation across multiple case series and large cSLE cohorts is 
that the vast majority of MAS cases are diagnosed concomitantly with the onset of 
cSLE, interestingly when the lupus disease is the most active [12, 42, 51, 53, 54]. 
Since cSLE and MAS may not share genetic predisposition, one can speculate that 
the activation of the innate immune system in newly diagnosed cSLE, where the 
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overactivation of type I IFN was first described [55], 1s a potential driving force, 
possibly induced by yet unknown viral infections that, along with the lupus disease 
activity, could facilitate the occurrence of MAS. It is therefore predictable, based on 
common observations among published cohorts, and contrary to sJIA, that MAS in 
cSLE almost never reoccurs [12, 42, 51, 53, 54], as to indicate that by controlling 
lupus activity, MAS can also be controlled. Indeed, the minority of MAS diagnosed 
after lupus onset, occur during lupus flares [12, 42, 51, 53, 54] and Table 1. 

cSLE with or without MAS do not seem to be different in terms of clinical mani- 
festations and laboratory findings, with the exception in some cohorts of increased 
hematological manifestations, such as lymphopenias, lymphadenopathy, and 
increased renal disease [12]. One common and worrisome observation is that MAS 
in cSLE tends to be associated with higher incidence of CNS involvement [53]. The 
latter is associated with increased incidence of multiorgan failure and unfortunately 
increased mortality [53]. Indeed, among the autoimmune diseases, MAS in cSLE 
has the highest mortality rate [54, 56, 57]. The CNS involvement is particularly 
problematic as it occurs as part of lupus manifestations but also MAS, therefor 
prompting significant immune suppression regardless of the cause [58]. 

One of the most challenging aspects of cSLE-associated MAS is to differentiate 
it from a lupus flare and/or an infection [15]. Hepato-splenomegaly, hemorrhages, 
and CNS dysfunction are able to discriminate MAS from lupus active disease but 
not in all published cohorts [12, 15, 42, 51, 53, 54]. An interesting retrospective 
cohort study reported that the incidence of acute pancreatitis (AP) in cSLE with 
MAS was significantly higher than without MAS (55% and 0.6%, respectively) 
[51]. The presence of AP was also associated with increased lupus disease activity; 
the authors concluded that the screening for MAS should be initiated when a lupus 
patient presents with AP [51] and Table 1. A number of retrospective cohort studies 
have reported that MAS in cSLE very often presents with clinical findings such as 
non-remitting fever and cytopenia (often of more than one lineage), along with ele- 
vated ferritin and liver enzymes levels [12, 15, 42, 51, 53, 54]. Therefore, when a 
cSLE patients presents with a similar clinical picture, the investigation of MAS 
should be considered. Interestingly, a comparison between sJIA and cSLE associ- 
ated MAS, demonstrated a delay in obtaining ferritin levels in cSLE patients, sug- 
gesting perhaps that MAS is yet to be fully part of the differential diagnosis in active 
cSLE [54]. Another helpful laboratory marker is the level of C-reactive protein 
(CRP), which in cSLE generally does not significantly increase during flares but 
does so during infections [10, 59, 60]. It has been found that in cSLE-associated 
MAS, CRP is significantly elevated. Nevertheless, the infectious work-up is manda- 
tory, which includes a bone marrow aspirate to rule out Leishmaniasis, a notoriously 
strong trigger of MAS [61]. Interestingly, the absence of macrophage hemophago- 
cytosis in the bone marrow should not rule out the diagnosis of cSLE-associate 
MAS, as it is only found in a minority of patients [12, 15, 42, 51, 53, 54]. 
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MAS in Adult-Onset SLE 


Lupus is a systemic autoimmune disease with a US prevalence of 20-150 and inci- 
dence of 1—25 per 100,000 individuals [5, 46]. Although lupus can manifest in virtu- 
ally any organ of the body and with a myriad of autoantibody specificities, most 
adults with lupus at a given time have a mild to moderate disease, possibly charac- 
terized by arthritis/arthralgia and cutaneous rash [3]. Nevertheless, the course of the 
disease can greatly vary, and it is often unpredictable; indeed, there is no biomarker 
able to anticipate a lupus flare, or more importantly, its severity [62, 63]. Interestingly, 
lupus is one of the most frequently reported autoimmune conditions associated with 
MAS [64]. In adult-onset SLE (aSLE), MAS has been reported with a frequency of 
up to 5%, but the accuracy is still unclear and the consensus is that lupus-associated 
MAS is significantly underdiagnosed [15, 34]. MAS mortality in aSLE is dramatic 
with reported fatalities of up to 50% [65]. Race plays an important role in the patho- 
genesis of SLE; in particular, African-Americans in the USA have three- to fivefold 
increased risk of developing lupus [46]. Although race and the incidence of SLE- 
associated MAS has not been investigated due to the design of the studies, it is 
interesting that in a recent retrospective cohort of a large academic center that 
spanned over 45 years, half of the cases where identified as African-Americans, 
perhaps suggesting that the known increased severity of disease in African- 
Americans can also increase the risk of MAS [28]. An important characteristic of 
lupus-associated MAS is that it often presents during severe flares or with the very 
onset of disease [66] (Table 1); these common findings among adult cohorts in the 
USA, Europe, and Asia suggest that while active lupus autoimmune mechanisms 
can trigger it, when they do, it becomes very challenging to promptly diagnose 
MAS because it can be confused with the flare itself [28, 34, 64—67]. On the other 
hand, when a patient presents with MAS, the diagnosis of infections and/or malig- 
nancies must be excluded, but SLE should also be taken into consideration. To com- 
plicate the MAS picture in SLE, in retrospective cohorts it was found to be frequently 
triggered by infections, mostly viral [28, 34, 64—67] (Table 1). 

There have been several attempts to develop diagnostic criteria based on the vali- 
dated ones for sJIA [51]. Parodi and colleagues in 2009 developed preliminary cri- 
teria for cCSLE, the “Ravelli” criteria [12], which have been subsequently validated 
in other cSLE cohorts with high sensitivity and specificity and across different eth- 
nicities [28]. In aSLE, the “Ravelli” and the HLH-2004 criteria have shown mixed 
results, where the first has yielded good while the latter inconsistent results [28, 67] 
(Table 1); generally these criteria performed best when they were applied to hospi- 
talized patients, hence either during very severe manifestations or infections, and 
especially for predicting in-hospital mortality [34, 64, 67]. In these circumstances, 
often both criteria were met with 100% success rate. Nevertheless, almost invari- 
ably, the cohorts were retrospective [34]. Often patients were selected based on very 
high levels of ferritin, which might have biased the selection of patients toward the 
criteria itself. Therefore, at present, the diagnosis of MAS in aSLE remains a com- 
bination of clinical judgment and supportive criteria. 
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Because of the severity of MAS, lupus patients in cohorts are identified from 
hospital admissions. Therefore, lupus manifestations may vary from the outpatient 
settings. There is consensus in the literature that if a lupus patient presents on hos- 
pital admission with unexplained high fevers, cytopenia of at least two cell lines, 
and elevation of liver function tests (LFTs), then the determination of ferritin levels 
and the screening for MAS should not be delayed [12, 15, 42, 51, 53, 54]. In this 
setting, almost invariably, the levels of ferritin are very high. Interestingly, in two 
Asian cohorts (from China and Korea), thrombocytopenia discriminated SLE- 
associated MAS from SLE flares [64, 65] (Table 1). The screening should be prefer- 
ably done with the “Ravelli” or the 2016 sJIA criteria [28, 34, 64—67]. Importantly, 
a negative bone marrow aspirate for hemophagocytosis should not rule out the diag- 
nosis of MAS, as this is not present in all the patients evaluated [34, 66, 68]. Of note 
is that MAS has been shown to be much harder to diagnose when it develops after 
hospital admission, perhaps because the focus is mostly on controlling lupus activ- 
ity or on infections due to the immune suppression. Early diagnosis and intervention 
are paramount to mitigate the often poor outcome of MAS [67, 69]. In fact, delayed 
diagnosis dramatically increases the risk of ICU admission and mortality irrespec- 
tive of the presence of SLE flare [64]. Among reported cases and large cohorts from 
the USA, Europe, and Asia, there are few commonalities and limited patterns as to 
how SLE presents associated with MAS. French and other European cohorts have 
reported higher frequencies of cutaneous vasculitis, polyarthritis, pericarditis, and 
renal disease at onset and when MAS was diagnosed [34, 66, 67]. Importantly, in 
European cohorts and contrary to cSLE [53], MAS in aSLE could reoccur, espe- 
cially in a subset of patients who tend to have a more severe lupus with multiple 
flares and prolonged immunosuppression [34, 66] (Table 1). Korean and Chinese 
cohorts have reported no particular lupus manifestation associated with MAS onset 
or occurrence, except for increased renal involvement [64, 65]. Finally, a recent 
large US cohort reported an increased frequency of lupus nephritis flares at presen- 
tation of MAS, but the cohort had 70% overall frequency of renal disease [28]. It is 
important to note that the SLE disease activity index (SLEDAI), a measure com- 
monly used in investigational lupus studies [70], although at times elevated, was not 
predictive of in-hospital mortality in most cohorts [47, 51, 57, 64]. This suggests 
that although MAS occurs in a subsets of patients with more aggressive lupus, MAS 
is the driving force of the high mortality. 

In conclusion, in the setting of a hospital admission, aSLE with unexplained high 
fevers, elevation of LFTs, and serum ferritin should prompt, not only the evaluation 
of infections and possibly malignancies, but also the investigation of MAS. 


MAS Treatment in SLE 


Clinically, once the diagnosis of MAS is made, strong immune suppression is 
required. The cornerstone of initial treatment in SLE-associated MAS remains high 
dose corticosteroids, preferentially intravenously (IV) [12, 15, 28, 34, 42, 51, 53, 
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54, 64-67, 69]. Several approaches have been used after the initial steroids, or as 
steroid-sparing agents, to control the cytokine storm. SLE-associated MAS often 
occurs during lupus flares, hence immunosuppression frequently used in lupus, such 
as cyclophosphamide, mycophenolate mofetil, or azathioprine, are also often 
reported in retrospective cohorts, especially in aSLE [28, 34, 64—67] (Table 1). In 
cases where SLE-associated MAS also presents with a superimposed infection, sev- 
eral series have reported successful remission with IV immunoglobulins (IVIg) or 
B cell depletion with rituximab so that further immune suppression is avoided [15, 
51, 54]. A noticeable difference in the literature between the aSLE and the cSLE is 
the more frequently reported successful use of anakinra and cyclosporine in the lat- 
ter [12, 15, 28, 34, 42, 51, 53, 54, 64-67, 69], possibly due to the “extrapolation” of 
the therapy from sJIA, where both have been used extensively [36, 71]. Anakinra 
and cyclosporine have been used in cSLE, even when MAS presents along with 
infections or lupus flares [68] (Table 1). This suggests, perhaps, that such an 
approach should be successfully used in aSLE as well. Etoposide is primarily used 
for secondary HLH during malignancies, but it has been reported with some success 
in aSLE-associated MAS, albeit in a very limited number of cases with significant 
morbidity [64, 68]. An interesting retrospective observation was that in aSLE the 
use of hydroxychloroquine and the presence of arthritis as lupus manifestation was 
associated with a significantly reduced risk of MAS [28], adding yet one more ben- 
efit of hydroxychloroquine to SLE [72]. Successful use of tocilizumab and etaner- 
cept has been also reported in small case series and definitive clinical trials from 
sJIA will be soon available. 

There are a number of clinical trials currently enrolling for sJIA-associated MAS 
or MAS regardless of the association. Promising approaches are with tocilizumab 
(NCT02007239), anti-interferon gamma (NCTO03311854), low-dose IL-2 
(NCT02569463), and ruxolitinib, a Janus kinase 1/2 (JAKI1/2) inhibitor [73] 
(NCT03795909), while validating studies are ongoing for anakinra [67] 
(NCT02780583). These clinical trials will help solidify and expand the therapeutic 
arsenal to help patients with SLE-associated MAS, which at the moment remains 
invariably lethal if untreated and still has high mortality rate even with treatment. 
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Kawasaki Disease 


Kawasaki disease (KD) is an acute self-limited febrile vasculitis of childhood and 
currently the leading cause of acquired cardiac disease in children from developed 
countries [1]. Although it can occur at any age, around 80% of cases occur during 
the first 5 years of life and 50% in the first 24 months. Diagnosis is more difficult at 
extreme age groups [2] and most patients have been seen more than once prior to 
establishing the final diagnosis [3]. In patients less than 6 months of age, the diag- 
nosis is often difficult and late, resistance to treatment is higher, and there is a higher 
probability of acute complications [1, 4]. New onset presentations are seen but 
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uncommon in adolescents and adults, in whom it is more common to see late- 
sequelae of childhood KD. 

KD affects predominantly medium-size arteries and systemic inflammation also 
occurs in many organs and tissues [1, 4]. The majority of vascular compromise 
occurs in the coronary arteries; however, extra coronary complications can occur. 
The immunobiology of KD revolves around massive systemic immune activation 
leading to localized inflammation at the blood vessels, resulting in coronary arteritis 
and aneurysm formation. Therefore, the main goal of therapy is to reduce inflamma- 
tion as much and as early as possible to prevent coronary artery damage. 

Although the precise cause of the disease has remained a mystery for more than 
six decades since the original description by Dr. Tomisaku Kawasaki in Japan [5], 
significant advances have been made over the last decades to characterize the patho- 
biology. Many agents and triggering factors have been implicated, with epidemio- 
logical, climatic and genetic factors in susceptible hosts playing a major role in 
modulating disease risk and outcome. If left untreated, up to 25% of children will 
develop coronary artery aneurysms. Standard first line treatment includes intrave- 
nous immunoglobulin (IVIG) at high immunosuppressive doses (2 g/kg) in a single 
dose together with acetyl salicylic acid (ASA) [4, 6]. Antiplatelet doses of ASA at 
3—5 mg/kg/day once daily is continued until standard laboratory measures of inflam- 
mation are resolved (usually 4—6 weeks) and the patient has no evidence of coronary 
changes on follow up echocardiography. Resistance to first dose of IVIG varies but 
in general is around 20%. 

Following Dr. Kawasak1’s first descriptions, clinical criteria have been defined 
for classic and incomplete KD by the American Heart Association [4], the Japanese 
Society for Paediatric Cardiology [6], and different guidelines have been published 
in other countries [7, 8]. Classic (complete or typical) Kawasaki disease is defined 
as the presence of fever of >5 days plus at least >4 of the following diagnostic cri- 
teria: (1) oral mucosal changes including erythema and cracking of the lips, straw- 
berry tongue, and/or erythema of oral and pharyngeal mucosa; (2) non-suppurative 
conjunctival injection; (3) polymorphous skin rash; (4) peripheral changes, includ- 
ing erythema and/or edema of hands and feet; and (5) cervical lymphadenopathy 
>1.5 cm in diameter and usually unilateral. Children with incomplete or atypical 
Kawasaki disease do not fulfill the classic criteria and have less than four of the 
diagnostic criteria. It is more common in infants younger than 6 months of age, in 
whom the diagnosis is more difficult and often late [9], and in this age group, coro- 
nary artery lesions (CALs) are more common [10]. 


Pathobiology of KD and CSS 


Cytokine storm syndrome (CSS)/macrophage activation syndrome (MAS) or sec- 
ondary hemophagocytic lymphohistiocytosis (SHLH), is an inflammatory reaction 
produced by an excessive cytokine production and release, macrophage activation, 
and hemophagocytosis [11] and is detailed in previous chapters. Despite the diverse 
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etiologies leading to CSS, the clinical features remain similar, leading to the specu- 
lation that CSS may represent the severe end of a spectrum of inflammatory condi- 
tions, rather than a discrete entity. High grade sustained fever is almost unequivocally 
present in CSS. An unremitting fever pattern is common to both KD and CSS. In 
fact, a low platelet count is one of the predictive factors of poor outcome in KD and 
may in fact represent patients who have CSS at presentation of KD. Additionally, 
KD patients with recalcitrant fever despite treatment with IVIG should also be 
investigated for the possibility of CSS. The key pathological feature of CSS is 
attributed to extensive activation of the immune response, including both adaptive 
and innate immune cells such as T-cells and macrophages [12-14] and soluble 
mediators of inflammation creating the classic “cytokine storm” [15] detailed in 
previous chapters. Similarly, both the adaptive and innate arms of the immune sys- 
tem are implicated in the acute phase of KD [16-19]. An infectious trigger is thought 
to initiate the immune response in KD, with activation of T-cells and macrophages 
by antigens and danger signals, respectively. The presence of superantigens (SAg) 
has been identified during some outbreaks of KD, thought to be one of the mecha- 
nism underlying massive activation of T-cells [20]. Superantigens are produced by 
some bacteria and viruses, and are able to stimulate up to 30% of all T-cells by bind- 
ing to a common element of the T-cell receptor outside of the antigen binding cleft 
[21]. Superantigenic activity leads to massive T-cell activation and release of pro- 
inflammatory cytokines IL-2, TNF, and IFN-y, which among their many pleiotropic 
activities, can mediate activation of monocytes/macrophages [22]. 

The innate immune system is also implicated in KD, with evidence of inflamma- 
some activation and production of [L-1B and IL-18 by monocytes and macrophages. 
Inflammasomes are multimeric protein complexes consisting of NOD-like recep- 
tors (NLRs), which are cytosolic sensors for danger signals including endogenous 
and exogenous insults, such as microbes. Once the inflammasome protein com- 
plexes have assembled, the inflammasomes activate caspase-1, which proteolyti- 
cally cleaves the precursor forms of the pro-inflammatory cytokines IL-18 and 
IL-18 into their active proteins. Intracellular calcium signaling plays a central role 
in mediating the processes leading to inflammasome activation. Genome-wide asso- 
ciation studies (GWAS) have identified inositol triphosphate 3-kinase C (ITPKC), 
an enzyme in Ca” signaling pathway, to be associated with KD. The KD-associated 
genetic polymorphism in /TPKC has important functional consequences, governing 
ITPKC expression levels and intracellular calcium levels, which in turn regulates 
NLRP3 expression and production of IL-1 and IL-18. Treatment failure in those 
with the “high-risk” /TPKC-genotype is associated with the highest intracellular 
calcium levels and with increased production of IL-16 and IL-18 by macrophages 
and higher circulating levels of both cytokines [23]. These findings provide the 
mechanism behind the observed efficacy of rescue therapy with IL-1 blockade in 
children with recalcitrant KD and highlight the common pathobiology underlying 
KD and CSS. 
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Animal Models of HLH/CSS and KD 


Common themes in immunobiology link KD and CSS. Animal models of HLH/ 
CSS such as perforin-deficient [24], Munc13-4 deficient and Rab27a [25] deficient 
mouse models infected with lymphocytic choriomeningitis virus provide some 
clues into the complex pathology of CSS (described in previous chapters). These 
animals develop CSS-like clinical features in an IFNy dependent manner [24—26]. 
Similarly, in patients with CSS, evidence point to IFNy producing CD8+ T-cells 
[13] with liver biopsies from patients with CSS showing extensive periportal infil- 
tration with hemophagocytic macrophages and IFN-y producing CD8+ T-cells [27]. 
Similarly, in the Lactobacillus casei cell wall extract (LC WE) mouse model of KD, 
IFN-y plays an important role and is present both at mRNA and protein levels in 
affected vessels. However, IFN-y appears to play a regulatory role and its presence 
does not indicate its necessity for induction of coronary arteritis in the KD animal 
model [28]. The LCWE animal model has also been shown to require T-cell activa- 
tion for development of KD [17], with CSS parallels pointing to excessive T-cell 
activation [29]. 

TLR signaling leading to inflammasome activation is also a shared pathogenic 
pathway between CSS and KD. Repeated innate immune system stimulation via 
TLR9 signaling in a mouse leads to MAS features, including hepatic dysfunction 
and cytopenia [30]. Similarly, TLR2 stimulation and inflammasome (NLRP3) acti- 
vation are essential for development and severity of disease in the LCWE animal 
model of KD [23, 31, 32], with production of IL-1B and IL-18 present in both pre- 
clinical models. Aneurysm formation in the LC WE mouse model of KD is mediated 
by both IL-lo and IL-1 and is successfully treated with anakinra [recombinant 
IL-1 receptor antagonist (IL-1RA)] [33], in accord with clinical observations of 
treatment success in children with recalcitrant KD [34]. Interestingly, genetic poly- 
morphisms in IL-18 and serum levels of IL-18 have also been associated with risks 
and outcomes in children with KD [35-37]. IL-18 is unique in the IL-1 family of 
cytokines, able to induce production of IFN-y by natural killer (NK) cells and 
T-cells along with TNF and chemokine secretion by macrophages [38]. Serum 
IL-18 levels are elevated out of proportion when compared with other cytokines in 
MAS/CSS and are correlated with clinical measures of CSS, including serum levels 
of soluble IL-2 receptor-a chain and IFN-y [39]. Serum IL-18 binding protein 
(IL-18BP) levels appear to be disproportionately elevated compared to the marked 
increase in IL-18 levels in CSS, resulting in high levels of biologically active IL-18 
[40]. Interestingly, children with KD also show increased secretion of IL-18 and 
IL-18BP during the acute phase of KD [23]. A severe IL-18/IL-18BP imbalance 
may contribute to excessive T-cell and macrophage activation in patients with 
underlying inflammatory disease, creating a favorable milieu for development of 
MAS/CSS [15]. 
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CSS in Children with Kawasaki Disease 


Although KD was described more than six decades ago and many aspects of the 
disease have been elucidated, MAS/CSS has been underrecognized and underdiag- 
nosed. Many of the clinical and laboratory findings consistent with MAS/CSS have 
been considered by KD clinicians and researchers as part of the clinical picture of 
the KD itself, including persistence of fever, increased liver enzymes (seen in over 
30% of children in some studies), and thrombocytopenia, among others [41, 42]. 
Duration of fever is an indirect measure of the severity of the underlying vasculitis 
and the best predictor of poor coronary outcome. In previous studies it has been 
found that age, fever duration, platelet count, and albumin level are highly predic- 
tive of coronary abnormalities [43]. Platelet count has been considered in many 
studies and risk scoring algorithms as an important predictor of coronary outcome, 
but these have failed to agree on whether increased or decreased platelet count is the 
high risk factor [44-46]. Both thrombocytopenia and thrombocytosis reflect mas- 
sive immune activation, with the former suggesting a consumption process trig- 
gered by and consistent with cytokine storm, and the latter reflecting a 
pro-inflammatory process mediated by IL-6 [43]. 

The first report in the English language literature of MAS/CSS in KD was made 
by Ohga et al. in 1995 [47] in a 32-month-old Japanese boy who was diagnosed 
and treated for KD but had persistence of fever, recurrent rash, hepatomegaly and 
other clinical and laboratory findings that led further investigations and the diag- 
nosis of MAS/CSS. Since that initial report more than two decades ago, CSS has 
been described in KD infants and children from different parts of the world. The 
majority of these publications have been single case reports, small series or retro- 
spective studies, and usually from single-site institutions [48-57], (Table 1), 
including a review of the literature in one of these publications [54]. In most of 
these publications, the common remarkable findings have been prolonged fever, 
lack of clinical suspicion early in the course of the disease, [VIG-refractory KD, 
and late diagnosis of CSS. 

A large case series of MAS in acute KD patients during the last two decades was 
published [58]. This retrospective study at the Hospital for Sick Children in Toronto 
analyzed all KD patients from January 2001 to March 2008. Among 638 identified 
patients with KD, 12 (1.9%) had a co diagnosis of MAS and KD, with a median age 
at diagnosis of 7 years (8 months to 14 years). In this series, 9/12 patients fulfilled 
criteria for complete KD, 7/12 were males more than 5 years of age. Eleven of 12 
patients manifested hepatosplenomegaly, and all patients had prolonged fever 
beyond initial intravenous immunoglobulin treatment. Despite receiving treatment 
with IVIG, all patients were persistently febrile for at least 48 h and prompted fur- 
ther laboratory workup and additional cardiac imaging studies and other therapeutic 
interventions. Remarkable laboratory findings included hyperferritinemia 
(>500 pg/L) in all patients and thrombocytopenia in 83%, elevated D-dimers in 
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92% and 33% with biopsy-proven evidence of hemophagocytosis. Acute cardiac 
complications were seen in 50% of patients, predominantly coronary dilations; 
however, of interest, none had residual coronary abnormalities during follow up 
visits. Prolonged hospitalizations occurred in this group (median 19 days, range 
9—49 days). Features associated with CSS in this case series were older age at diag- 
nosis of KD, male sex, non-responsiveness to initial IVIG and thrombocytopenia, 
consistent with other reports in the literature. 

More recent updated (unpublished) information from our group extended our 
previous study [59] and analyzed 1021 patients with KD from January 2001 to 
February 2014. Fifty-eight patitents (5.7%) were evaluated for possible MAS/CSS 
with 23 patients (2.3%) diagnosed and treated for it. In this series, 47.8% patients 
fulfilled criteria for complete KD, and 67% were males more than 5 years of age. In 
accord with the literature and our previous observations, older boys with longer 
fever dominated, with mean age at diagnosis of 6.22 years and mean duration of 
fever prior to IVIG treatment of 11.5 days. All 23 patients had prolonged fever with 
the following KD diagnostic features: rash 22 (95.7%) patients, cervical lymphade- 
nopathy 14 (60.9%), erythema and/or edema of extremities in 16 (69.6%), oral 
mucositis in 13 (56.5%), bilateral conjunctivitis 13 (56.5%). MAS/CSS features 
included persistent fever 21/22 (95.5%), splenomegaly 12/23 (52.2%), cytopenias 
20/23 (87%), ferritin >500 pg/L in 22/23 (95.7%), hemophagocytosis 6/23 (26.1%), 
low or absent KN activity 1/7 (14.3%), and increased serum sIL-2Ra (CD25) 5/6 
(83.3%). Total duration of fever was 17.3 days (mean) with all 23 patients receiving 
standard IVIG treatment for KD. Additional treatment included: A second and third 
dose of IVIG in 14/23 (60.9%) and 2 (8.7%) respectively; oral and IV steroids in 15 
(65.2%) and 17 (73.9%), respectively; and cyclosporine in 3 (13%) patients. 
Supportive therapy including transfusion of red blood cells/platelets in 7/23 (30.4%), 
fresh frozen plasma in 2/21 (9.5%) and cryoprecipitates in 1/21 (4.8%) was required, 
with three (13%) patients requiring admission to the pediatric intensive care unit 
(PICU). Interestingly, increased ferritin levels has been reported to be useful to 
predict refractory Kawasaki disease patients [60], highlighting the fact that this sub- 
group of patients may actually have features of CSS. To address detection and early 
recognition of CSS complicating KD, all children with recalcitrant KD have a serum 
ferritin added to their standard KD laboratory workup at our institution. In those 
with evidence of CSS, therapeutic management includes use of systemic steroids 
and IL-1 blockade with anakinra. 

A systematic review of the literature on MAS/CSS in KD patients was published 
by Garcia-Pavon et al. in 2017 [61]. The authors performed a literature review of 
published cases since Dr. Kawasak1’s first report and until September 2016, which 
included 69 reported cases. The mean age of diagnosis of 5.6 years, with a range of 
7 weeks to 17 years of age; 68% were boys and 75% had an Asian ethnicity. They 
found that CSS diagnosis was made before the diagnosis of KD in 6%, simultane- 
ous diagnosis in 21%, and in 73% after KD was diagnosed. Tissue demonstration of 
hemophagocytosis was found in 88% (51/58) of patients. The reported mortality 
was 13% (9/69). All patients received IVIG and not surprisingly, 90% of them 
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required two or more doses. Steroids were given in 87%, cyclosporine in 49%, eto- 
poside in 39%, anti-TNF in 5.7%, and IL-1 receptor antagonist in 4.3%. Fatalities 
occurred in 9 (13%) patients with the cause of death including acute myocardial 
infarction, pneumonia, and sepsis among others. All studies except one, included in 
the systematic review used the HLH-2004 criteria to diagnose MAS/CSS. Seventy- 
eight percent (54/69) of the patients fulfilled HLH-2004 criteria and 74% (51/69) 
fulfilled the 2016 consensus criteria for MAS-SJIA, the classification criteria for 
MAS/CSS complicating systemic JIA (sJIA) proposed by Ravelli et al., based on a 
combination of expert consensus, available evidence from the medical literature and 
analysis of real patient data [11, 62]. 

The evidence for use of various criteria for MAS/CSS in KD is mostly extrapo- 
lated from studies in sJIA and other inflammatory conditions, with sparse literature 
on the specific use of these diagnostic criteria in KD. In a retrospective chart review 
of 719 patients with KD by Wang et al. [55], 8 patients (1.11%) were identified as 
MAS with KD according to Ravelli criteria, but only 3 patients were independently 
identified by the HLH-2009 criteria. In this series of 8 patients, aspartate amino- 
transferase was significantly elevated in all cases, whereas alanine aminotransfer- 
ase, lactate dehydrogenase and serum ferritin were abnormal in 7/8 cases. Cytopenia 
and hypertriglyceridemia were relatively common, seen in 6/8 and 5/8 cases respec- 
tively, whereas hypofibrinogenemia was noted only in one case. Three patients had 
histopathological evidence of hemophagocytosis, but only one fulfilled the HLH- 
2009 criteria. 


CSS, Kawasaki Disease, and sJIA 


CSS, KD, and sJIA share many common clinical and laboratory features. Coronary 
artery abnormalities are not exclusive of KD and can be seen in sJIA. sJIA with CSS 
can be initially diagnosed as KD, and a review of the literature in 2013 [63] found 
that most sJIA patients with coronary artery dilations were classified initially as 
classic or incomplete KD, and treated with multiple doses of IVIG. Other investiga- 
tors have suggested that serum IL-18 and ferritin levels can help clinicians distin- 
guishing between KD and sJIA [64, 65]; however, IL-18 is also elevated in acute 
KD and may be predictive of those at high risk for treatment failure [23]. 

We reviewed patients with combined diagnosis of KD and sJIA (KD/sJIA) [66]. 
Children diagnosed with either KD (n = 1765) or sJIA (n = 112) between January 
1990 and December 2011 were analyzed. Among over 20 patients with the co- 
diagnosis of KD and sJIA, only those who fulfilled both the American Heart 
Association guidelines for KD and the International League of Associations for 
Rheumatology (ILAR) classification criteria for sJIA were included (n = 8) for fur- 
ther analysis. In the KD cohort 0.5% (8/1765) children had a co-diagnosis of sJIA; 
whereas KD preceded sJIA in 7% (8/112) of the cases. 
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A report by Dong et al. in 2015 [67] utilized the Pediatric Health Information 
System (PHIS) to estimate the incidence and to characterize those patients initially 
treated for KD but later received the diagnosis of sJIA. This retrospective study 
analyzed only patients diagnosed with sJIA within the initial 6-month period after 
the first hospitalization for KD. Among 176 patients at their institution who were 
treated for KD with IVIG during the study period, 2 (1.1%) were diagnosed with 
sJIA after KD treatment. When they analyzed the PHIS database, the authors identi- 
fied 10/6475 cases (0.2%) between 2009 and 2013. MAS was more common in 
patients with KD and subsequent diagnosis of sJIA than in patients with KD alone 
(30% and 0.3%, respectively; p < 0.001). 

Given the common clinical and laboratory features and the shared IL-1IB and 
IL-18 immunobiology, we propose that KD, sJIA, and CSS are parts of the same 
disease spectrum with the distinguishing features being the intensity and duration of 
the immune response (Fig. 1). KD having the shortest disease duration and sJIA the 
longest with CSS having the most dramatic immune response. There are many 
reports of successful use of anakinra, a recombinant IL-1 receptor antagonist in CSS 
associated with sJIA [68-70]. Refractory KD has also been shown in case reports to 
have a good response to anakinra [34]. A single case report of high-dose anakinra 
(9 mg/kg/day) in a neonate with refractory KD, suspected to have CSS, abated the 
inflammatory response, highlighting the role of anti-IL-1 therapy in patients with 
KD and CSS [71]. Considering the high mortality of this condition, and the diffi- 
culty in establishing a definite co-diagnosis of CSS, the early use of anakinra in 
refractory KD may prove to be a life-saving measure and has been used successfully 
as such in our institution in the past several years with good effect. 


Fig. 1 KD, sJIA and 
MAS/CSS share many 
common clinical and 
immunobiologic features 
and may be part of the 
same disease spectrum 
with the distinguishing 
features being the intensity 
and duration of the 
immune response. On the 
x-axis the disease duration 
is represented and on the 
y-axis the intensity of the 
immune response 


Intensity of the immune response 





Disease duration 
(time) 
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Conclusion 


CSS occurs in at least 2% of children with KD. It is undoubtedly underrecognized 
and underdiagnosed with the two syndromes sharing many overlapping of features 
and each lacking specific diagnostic tests. Although no disease-specific criteria for 
diagnosing CSS in KD is available, the classification criteria for CSS in sJIA have 
been shown to be useful for CSS in KD. Among the laboratory criteria, hyperferri- 
tinemia (>500 pg/L) is the most practical addition to standard KD laboratory tests, 
but the usefulness of serial laboratory measurements to detect trends in transami- 
nases, white blood cell count, platelet count, and fibrinogen levels cannot be over- 
emphasized. Early recognition and prompt institution of immunomodulatory 
treatment can substantially reduce the mortality and morbidity of MAS/CSS in 
KD. Given the known pathogenetic role of IL-16 in both syndromes, the early use 
of IL-1 blockers in refractory KD with CSS deserves consideration. 
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Scott W. Canna 


Introduction 


The inflammatory nature of sepsis was formally recognized well over a decade ago, 
when investigators coined the term systemic inflammatory response syndrome 
(SIRS) [1]. Despite great preclinical promise, trials of targeted anti-inflammatory 
therapies were initially found to be failures in sepsis (see chapter “Cytokine Storm 
and Sepsis-Induced Multiple Organ Dysfunction Syndrome”). Just as these set- 
backs in understanding the immunopathology of sepsis were occurring, a new fam- 
ily of diseases caused by primary defects in innate inflammatory pathways was 
growing: the autoinflammatory disorders (AIDs). This chapter briefly summarizes 
the ways in which insights from the study of AIDs have advanced the understanding 
of human inflammation in general and then focuses on the limited, though very 
instructive, circumstances in which autoinflammation and SIRS overlap. 


Defining Autoinflammation 


Autoinflammation is the term ascribed to persistent organ-specific and/or systemic 
inflammation not explained by infection, malignancy, or the effects of autoantibod- 
ies or antigen-specific T-cells. The term does not specify acute versus chronic 
inflammation, nor is it restricted to any set of tissues or organs. Importantly, its 
meaning is enmeshed with its history. 

The concept of autoinflammation arose in the context of genetic research into the 
periodic fever syndromes. It has blossomed as next-generation sequencing 
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techniques revealed the genetic origins for a startling number of these disorders. 
The first genetic association was made with familial Mediterranean fever (FMF), a 
disorder of recurrent attacks of fever, serositis, and erisypelas-like rash that can 
result in amyloidosis and renal failure. The gene for FMF was identified by posi- 
tional cloning and ultimately mapped to a gene dubbed MEFYV, encoding the protein 
Pyrin [2]. The mechanisms by which Pyrin mutations resulted in autoinflammation, 
and an explanation for the high carrier frequency of such mutations in Mediterranean 
populations, would take another 25 years to understand. However, soon after the 
FMF/MEFYV association, another hereditary periodic fever syndrome was associ- 
ated with mutations in the tumor necrosis factor receptor (TNF-R). The disease was 
renamed TNF-R Associated Periodic Syndrome (TRAPS), and the authors coined 
the term “autoinflammatory” [3]. Quickly thereafter, three independent groups 
made a pivotal discovery: gain-of-function mutations in the VLRP3 gene resulted in 
hyperactivation of a newly described innate immune complex called the inflamma- 
some. Different mutations in NLRP3 resulted in a spectrum of diseases, eventually 
called cryopyrin-associated periodic syndromes (CAPS), ranging from familial 
cold-induced autoinflammatory syndrome (FCAS) to neonatal-onset multisystem 
inflammatory disease (NOMID: urticaria, sensorineural hearing loss, bony arthrop- 
athy, and sterile meningitis) [4-7]. 

The inflammasome is a potentially massive innate immune complex strongly 
linked to the concept of autoinflammation [8]. Inflammasomes form in response to 
the sensing of cytosolic danger- or pathogen-associated molecular patterns (DAMPs/ 
PAMPs). The rate-limiting step of inflammasome formation seems to be the homo- 
oligomerization of several proteins capable of “nucleating” an inflammasome. Four 
proteins have been well-characterized to nucleate inflammasomes in mice and 
humans: Pyrin, NLRP3, NLRC4, and AIM2. Of these, only AIM2 has not (yet) been 
associated with a monogenic autoinflammatory disorder. Activated and oligomerized 
inflammasome nucleators then trigger an exponential cascade wherein thousands of 
molecules of an adaptor protein (ASC) recruit many thousands of an effector prote- 
ase called Caspase-1. Once itself proteolytically activated, Caspase-1 proteolytically 
activates three highly inflammatory effector molecules: IL-1B, IL-18, and 
Gasdermin-D. IL-1 and IL-18 signal through their respective IL-1 family receptors, 
whereas Gasdermin-D mediates an inflammatory cell death known as pyroptosis [9]. 
Only recently was the link identified between the Pyrin-inflammasome, pathogen- 
sensing, and gain-of-function MEFV mutations in FMF [10]. By contrast, the role of 
NLRC4 as a detector of bacterial proteins in the cytosol was known many years 
before the first identification of gain-of-function NLRC4 mutations with autoinflam- 
mation [11, 12]. These diseases caused by mutations that directly result in inflamma- 
some activity are collectively known as inflammasomopathies. 

The association of these diseases with the inflammasome not only ignited mech- 
anistic research, it indicated a specific therapeutic intervention: blocking IL-1 sig- 
naling in the NLRP3-mediated CAPS was overwhelmingly successful [13, 14] and 
paved the way for the efficacious use of this strategy in a host of other autoinflam- 
matory (including TRAPS, FMF, hyper-IgD syndrome (HIDS), deficiency of IL-1 
receptor antagonist (DIRA)) and rheumatic (systemic juvenile idiopathic arthritis 
(SJIA), adult-onset Still’s disease (AOSD), gout) diseases [7]. IL-1 was initially 
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blocked with a recombinant IL-1 Receptor Antagonist (IL-1RA, anakinra) that 
inhibited signaling by both IL-1« and IL-1, but similar efficacy has been observed 
with strategies specific to IL-1. 

For many years, the association of autoinflammation with IL-1 defined the field. 
More recently, however, diseases with little/no response to IL-1 blockade have been 
discovered. As opposed to triggering the inflammasome, many of these diseases are 
associated with abnormal production of Interferon (IFN). These “interferonopa- 
thies” are associated with genetic defects causing dysregulation of cytosolic nucleic 
acid sensing/handling or proteasomal protein degradation. A staggering array of 
autoinflammatory disorders have also been identified through whole-exome 
sequencing. Their mechanisms are not so easily categorized, and their precise 
description is beyond the scope of this chapter but has been recently and extensively 
reviewed [7, 15, 16]. 


Problems with Defining Autoinflammation 


As with any classification system in the complex and evolving landscape of human 
immunology, the concept of autoinflammation is imperfect and at times arbitrary. 
The two major limitations of the autoinflammatory paradigm most relevant to the 
subject of cytokine storm syndromes (CSS) are (1) diseases with features that over- 
lap between autoinflammation and immunodeficiency or autoimmunity, and (2) dis- 
eases with phenotypic features suggestive of autoinflammation, but lacking a known 
genetic cause to support such a categorization. 

Genetic impairment of cellular cytotoxicity represents an important overlap 
between the concepts of autoinflammation and immunodeficiency. This mechanism 
is discussed at length throughout this book as an important cause of primary hemo- 
phagocytic lymphohistiocytosis (pHLH) and a potential contributor to secondary 
HLH (sHLH) and macrophage activation syndrome (MAS). The hyperinflammation 
and CSS associated with pHLH is canonically triggered by viral infection, associ- 
ated with persistent viremia, and caused by antigen-specific T-cell activation. Thus, 
deficiency of Perforin, Muncl3-4, etc. is listed among the immunodeficiencies. 
However, mechanistic work has shown that cytotoxicity is an immunoregulatory 
mechanism important both for preventing excessive antigen-dependent T- and 
NK-cell activation as well as clearing virus. Likewise, damage in pHLH is best 
prevented by blocking the inflammatory response rather than targeting viral cyto- 
pathic effects [17—19]. Genetic defects resulting in inflammation in the context of 
other immunodeficiencies, such as NEMO or HOILI deficiency, reinforce the 
notion that severe infection can drive CSS, and are discussed in detail in chapter 
“Primary Immunodeficiencies and Cytokine Storm Syndromes”. 

Several monogenic disorders, particularly in the category of Interferonopathies, 
blur the line between autoinflammation and autoimmunity [7], but are beyond the 
scope of this chapter. The overlap between autoimmunity and autoinflammation in 
CSS is perhaps best explored in the context of systemic lupus erythematosus- 
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associated MAS, as detailed in chapter “Systemic Lupus Erythematosus and 
Cytokine Storm”. 

Several rheumatic diseases, most notably SJIA, AOSD, Kawasaki disease, and 
sarcoidosis, meet the definition of autoinflammation, but are not routinely catego- 
rized as such (in part) owing to the absence of a single genetic cause. These are 
discussed in detail in chapter “Cytokine Storm Syndrome Associated with Systemic 
Juvenile Idiopathic Arthritis”, chapter “Kawasaki Disease-Associated Cytokine 
Storm Syndrome”, and chapter “Macrophage Activation Syndrome in the Setting of 
Rheumatic Diseases”. Thus, this chapter will focus on the ways in which mono- 
genic, canonically autoinflammatory disorders inform our understanding of CSS. 


The Rare Concordance of Autoinflammation and Cytokine 
Storm 


If by CSS we mean a pattern of systemic inflammation, typified by HLH and MAS, 
that can result in shock, multiorgan dysfunction syndrome (MODS), and death, then 
the CSS phenotype is notably absent in most autoinflammation. Notwithstanding a 
few case reports, MAS/HLH, shock, and MODS are not listed among the cardinal 
features of most autoinflammatory diseases [7, 16] (Table 1). Many of these cohorts, 
particularly in FMF and CAPS, include reasonably large numbers of patients fol- 
lowed longitudinally over many years. The more recent broadening of the autoin- 
flammatory phenotype to include disorders of excessive IFN production, ubiquitylation 
disorders, and causes of vasculitis (Table 1) has not resulted in the inclusion of CSS 
as a feature. Thus, it would seem that systemic inflammation, even in its (perhaps) 
purest forms, is not sufficient in degree and/or direction to induce a CSS. 

Several autoinflammatory diseases, though not classically associated with MAS- 
or HLH-like inflammation, can nonetheless cause acute life-threatening systemic 
inflammation. 

Aicardi—Goutieres Syndrome (AGS): AGS is classically a neonatal-onset, IFN- 
mediated autoinflammatory condition that mimics in utero viral infection [20]. 
There are at least seven monogenic causes associated with AGS (Table 1), but of 
these the earliest-onset and most severe phenotypes have been associated with defi- 
ciency of the nucleases TREX], RNASEH2A, and, RNASEH2C. Severe AGS pre- 
senting in infancy can manifest as livedoid skin rash, symptomatic thrombocytopenia, 
hepatosplenomegaly, and occasionally fever [7]. The most consistent and devastat- 
ing feature, however, is subacute encephalomyelitis that can be associated with 
rapid neurologic decline. Mortality with these more severe mutations can be over 
30% [20]. Severe AGS mutations all result in an impairment in the ability degrade 
(usually endogenous) cytosolic nucleic acids. The build-up of these nucleic acids 
triggers cytosolic viral-sensing mechanisms and an immense type I IFN response 
detectable in both blood and CSF. Stress and infection can increase the production/ 
accumulation of these nucleic acids, as well. Strategies to limit endogenous nucleic 
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Table 1 Overview of canonical autoinflammatory disorders 


Syndrome Acronym | Gene Protein Primary manifestations 

IL-1/inflammasome mediated disorders 

Familial Mediterranean | FMF MEFV PYRIN Periodic fever, serositis, 

fever neutrophilic rash, renal 
amyloidosis 

Familial cold-induced FCAS? NLRP3 NLRP3/ Cold-induced fever, malaise, 

autoinflammatory Cryopyrin | neutrophilic urticaria 

syndrome 

Muckle—Wells syndrome | MWS? NLRP3 NLRP3/ Fever, malaise, neutrophilic 

Cryopyrin | urticaria, sensorineural 

hearing loss 

Neonatal onset NOMID? | NLRP3 NLRP3/ As above + sterile meningitis 

multisystem Cryopyrin | and bony 

inflammatory disease 

Hyper-IgD syndrome HIDS MVK Mevalonate | Fever, rash, arthralgia, GI 

kinase upset, adenopathy, 

hepatosplenomegaly 

TNF-receptor associated | TRAPS |7NFRSFIA | TNFRIA Myalgia/arthralgia, 

periodic syndromes periorbital edema, serositis 

Deficiency of IL-1 DIRA ILIRN IL-IRA Sterile osteomyelitis, pustular 

receptor antagonist rash, thrombosis 

NLRC4-associated N4AID NLRC4 NLRC4 Spectrum including 

autoinflammatory lymphohistiocytic rash to 

diseases MAS, infantile enterocolitis 

IFN-mediated disorders 

STING-associated SAVI TMEM173 | STING Fever, purpura, acral necrosis, 

vasculopathy of infancy interstitial lung disease, 
cytopenias 

Aicardi-Goutieres AGS1 TREX] TREX1 Livedo reticularis, H/ 

Syndrome 1 Smegaly, basal ganglia 

Aicardi-Goutieres AGS2 RNASEH2B | RNH2B calficification, developmental 

Syndrome 2 delay, dystonia, 

Aicardi-Goutieres AGS3 | RNASEH2C|RNH2C__| thrombocytopenia 

Syndrome 3 

Aicardi-Goutieres AGS4 RNASEH2A | RNH2A 

Syndrome 4 

Aicardi-Goutieres AGS5 SAMHDI | SAMHI 

Syndrome 5 

Aicardi-Goutieres AGS6 ADAR DSRAD 

Syndrome 6 

Aicardi-Goutieres AGS7 IFTH1 MDAS5 

Syndrome 7 

Chronic atypical CANDLE | PSMB8, PSB8, etc. | Nodular panniculitis, 

neutrophilic dermatosis etc. lipodystrophy, myositis, H/ 

lipodystrophy elevated Smegaly 

temperature 


NF-«B/ubiquitin-mediated disorders 


(continued) 
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Table 1 (continued) 


Syndrome Acronym | Gene Protein Primary manifestations 

Pediatric granulomatous | PGA/ NOD2 NOD2 Fever, papular rash, arthritis, 

arthritis Blau uveitis, adenopathy 

Haploinsufficiency of HA20 TNFAIP3 A20 Oral/genital ulcers, uveitis, 

A20 arthritis, colitis, erythema 
nodosum 

Otulopenia — OTULIN OTULIN Fevers, neutrophilic 


dermatosis, panniculitis, 
failure to thrive, infections 


XIAP—deficiency XLP2 XIAP/ XIAP Variable from IBD, uveitis, 
BIRC4 arthritis to (often EBV- 

associated) MAS 

Unclassified disorders 

Pyogenic arthritis, PAPA PSTPIP1 PPIP1 Pyogenic arthritis, pyoderma 

pyoderma gangrenosum, gangrenosum, acne 

acne 

Deficiency of ADA2 DADA? | CECRI ADA2 Cutaneous, visceral, and CNS 
vasculitis/stroke 


H/Smegaly = hepatosplenomegaly 
“Part of the continuum known as Cryopyrin-Associated Periodic Syndromes (CAPS) 


acid production or inhibit IFN signaling are under investigation in AGS [21] 
(NCT02363452, NCT0O1724580). 

Deficiency of IL-1 Receptor Antagonist (DIRA): After the successful use of 
recombinant IL-1 Receptor Antagonist (IL-1 RA, anakinra) to treat NURP3-mediated 
diseases, investigators found that a syndrome of severe neonatal inflammation, pus- 
tulosis, and osteomyelitis mapped to a region of chromosome 2 containing the gene 
for endogenous IL-1RA. Patients with biallelic, loss-of-function mutations result- 
ing in deficiency of [L-1RA [22] often presented within the first days of life with 
fetal distress, pustular skin rash, and oral mucosal lesions, and were found to have 
characteristic sterile osteomyelitis (often including the ribs). At least two children 
expired due to SIRS. Administration of anakinra (recombinant [L-1RA) usually 
results in dramatic cessation of ongoing inflammation, but can trigger anaphylaxis 
(22522 |. 


Autoinflammatory Mutations and Sepsis 


Despite the apparent failure of cytokine blockade in sepsis, the search for proin- 
flammatory defects in sepsis patients has continued. Several investigators hypothe- 
sized that, though the rate of sepsis in canonical autoinflammatory diseases may not 
be substantially elevated, patients with severe sepsis may have contributory muta- 
tions in autoinflammatory genes. For example, the carrier frequency of pathogenic 
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MEFYV mutations in critically ill Turkish adults (30%) appeared significantly higher 
than the general population carrier rate (10%) [24]. Despite this, multiple GWAS 
studies in sepsis have failed to link inflammasome-associated genes with sepsis 
outcomes [25]. However, typical autoinflammatory mutations occur at too low a 
population frequency to reach significance in most GWAS studies. As discussed 
elsewhere in this text, heterozygous mutations in genes affecting perforin-mediated 
cytotoxicity may predispose to viral sepsis [26]. Ongoing genome-wide investiga- 
tions (including whole exome sequencing) in individual sepsis patients should help 
elucidate the strength of this connection. 


Innate Immunity in HLH 


Notwithstanding the debate about whether impairment of cytotoxicity causes HLH 
through immunodeficiency or autoinflammation, there is considerable evidence for 
a crucial role of innate immunity in murine models of HLH. Unsurprisingly, innate 
immune signaling is a necessary and critical precondition for the CD8 activation 
that drives experimental HLH. In particular, MyD88 [27] and IL-33 [18] have been 
shown to be essential. IL-33 is a widely expressed alarmin that, like most IL-1 fam- 
ily cytokines and Toll-like Receptors, requires MyD88 for its signaling. Furthermore, 
innate immune cells appear to be necessary effectors for HLH immunopathology. 
IFN-y signaling in murine macrophages was essential for anemia and hemophago- 
cytosis [28], and a xenograft model of HLH was amenable to treatment aimed at 
depleting myeloid cells [29]. Finally, HLH was far less severe and associated with 
notably less myeloid cell infiltration when NK cells, but not T-cells, retained cyto- 
toxic function in murine pHLH [30]. This was despite equal levels of viremia and 
IFN-y. These murine data support a critical role of innate immunity both in enabling 
and executing immunopathology in an infectious, antigen-specific model of HLH. 


NLRC4, XIAP, and MAS Under the Umbrella 
of Autoinflammation 


MAS is most canonically associated with systemic juvenile idiopathic arthritis 
(SJIA) and adult onset Still’s disease (AOSD), and it is in the context of these dis- 
eases that it is best studied (see chapter “Cytokine Storm Syndrome Associated with 
Systemic Juvenile Idiopathic Arthritis” for details). Though there is notable disagree- 
ment about their classification [31], SJIA and AOSD are commonly categorized as 
autoinflammatory diseases. Several observations drive this presumptive classifica- 
tion, including the response to IL-1 and/or IL-6 inhibition [32, 33], the genetic dis- 
tinction from other forms of JIA [34], and the absence of known autoantigens. 
Perhaps most uniquely and importantly, increasing evidence has associated extreme 
elevations of the inflammasome-activated cytokine IL-18 with MAS in SJIA and 
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AOSD [35, 36]. Early clinical trial data suggest IL-18 blockade is efficacious in 
AOSD [37]. Interestingly, the degree of IL-18 elevation seen in SJIA/AOSD and 
MAS has not been observed in classical autoinflammatory diseases [11, 38]. 

In 2014, two groups discovered that gain-of-function mutations in NLRC4 
resulted in a syndrome of infantile enterocolitis and recurrent, life-threatening 
MAS [11, 12]. As with the NLRP3 and MEFYV inflammasomopathies, these NLRC4 
mutations gave rise to spontaneous/increased macrophage inflammasome forma- 
tion, cell death, [L-1B and IL-18 secretion, and a disease potentially responsive to 
IL-1 inhibition [11]. However, as previously stated, both MAS and enterocolitis 
are extremely rare in NLRP3- or MEFV-mediated diseases (CAPS and FMF, 
respectively). Furthermore, levels of peripheral IL-18 were consistently and 
extremely elevated in all affected NLRC4 patients, but not in CAPS patients [11]. 
Reinforcing the potentially violent potency of NLRC4 activation, an infant born 
premature due to placental thrombotic disease and fetal edema soon succumbed to 
MAS and enterocolitis. She was posthumously found to have somatic mosaicism 
(not present in all cells) for a pathogenic NLRC4 mutation [39]. Two other patients 
with activating NLRC4 mutations and extremely elevated serum IL-18 succumbed 
to MAS without severe intestinal disease [40]. In 2016, an infant was identified 
with life-threatening MAS and enterocolitis due to NLRC4 mutation, and con- 
firmed both extremely elevated total IL-18 as well as elevated free IL-18 [41]. Free 
IL-18 is unbound by the endogenous, soluble inhibitor known as IL-18 Binding 
Protein (IL-18BP), and is thought to be the biologically active IL-18 fraction [36]. 
After a minimal response to aggressive MAS treatment, including IL-1 inhibition, 
this patient showed a dramatic and acute response to IL-18 inhibition in the form 
of recombinant IL-18BP. Notably, the relative amounts of IL-18 and IL-18BP in 
serum versus stool (diarrheal) during active disease suggested IL-18 was regulated 
differently in the inflamed gut versus peripheral blood [41]. Consistent with IL-18 
as a driver of IFN-y production, one patient with infantile NURC4-MAS (without 
overt enterocolitis) responded dramatically to IFN-y inhibition, a strategy now 
approved for use in refractory pHLH [42]. Likewise, biomarkers of IFN-y activity 
associate with active disease in both MAS and HLH [43]. Indeed, extremely ele- 
vated IL-18 appears to distinguish patients at risk for MAS both from other causes 
of hyperferritinemic CSS as well as other autoinflammatory diseases, and exacer- 
bates experimental models of MAS [38, 44]. The expression of NLRC4 in intesti- 
nal epithelia, a rich source of proIL-18, offers one potential explanation for the 
association of extreme IL-18 elevation with NLRC4, but not NLRP3 or MEFV 
inflammasomopathies [38]. 

XIAP (aka BIRC4) deficiency is classically associated with an X-linked syn- 
drome of EBV-associated HLH [45, 46]. Unlike pHLH, it is not associated with 
cytotoxic impairment; and unlike SAP deficiency (another cause of EBV-HLH), 
XIAP deficiency is not associated with lymphoma risk. XIAP is a widely expressed 
protein whose multiple functions likely all revolve around its ability to stabilize 
particular NF-«B signaling complexes. It inhibits apoptosis downstream of many 
in vitro stimuli, it is required for NOD2 signaling, and it prevents the inflammatory 
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effects of RIPK3 and Caspase-8 [47—49]. Importantly, HLH associated with XIAP 
deficiency has also been associated with extreme and chronic IL-18 elevation [50]. 
More recently, MAS and chronic IL-18 elevation were also associated with specific 
mutations in the C-terminus of the Rho-GTPase CDC42 [51]. 

Phenotypes in patients with activating NLRC4 mutations or XIAP deficiency are 
not restricted to CSS. XIAP deficiency is a major cause of monogenic inflammatory 
bowel disease (possibly relating to its role in NOD2 signaling), but has been associ- 
ated with phenotypes like periodic fevers, recurrent skin infections, and arthritis 
[52]. Though recently described, NLRC4 mutations have been associated with an 
extremely wide spectrum of disease severity, including mild cold-induced urticaria, 
erythematous nodules, colitis, and hearing loss/urticaria/CNS inflammation remi- 
niscent of severe CAPS [53-55]. IL-18 levels have not been broadly assessed in 
these milder XIAP- and NLRC4-associated phenotypes, but such patients do not 
appear to be at higher risk for MAS. Nonetheless, the effects of IL-18 inhibition in 
NLRC4- and XIAP-related inflammation are currently under investigation 
(NCT03113760). 


IL-18 at the Intersection of Autoinflammation and CSS 


The correlation of extremely elevated IL-18 levels and MAS in SJIA/AOSD, 
NLRC4, and XIAP deficiency is striking. IL-18 is somewhat unique among inflam- 
matory cytokines in that its mRNA expression is relatively stable in the face of 
varied stimuli, and it is expressed in both myeloid and epithelial cells. Its effects 
have been best studied on cytotoxic lymphocytes, where it strongly synergizes with 
cytokines like IL-12, IL-2, and IL-15 to drive IFN-y production and cytotoxicity. 
The IL-18 receptor is constitutively expressed on Natural Killer cells, and induced 
upon activation in most T-cells. SJIA patients’ NK cells appear to become insensi- 
tive to IL-18 through downregulation of cytosolic signaling, but otherwise retain 
cytotoxicity and cytokine production [56, 57]. In contrast to its origins in and effects 
on immune cells, IL-18 has an increasingly appreciated role at mucosal barrier sites. 
Murine data show a complex role for IL-18 in the gut, where it both promotes bar- 
rier immunity and gut immunopathology [58—61]. Thus insights into the biology of 
IL-18 in MAS appear poised to inform our understanding of the complex interplay 
between barrier and systemic inflammation. 


Synthesis 


Advances in the field of autoinflammation have largely followed watershed genetic 
discoveries. These discoveries have flowed into downstream mechanistic insights, 
ultimately validated by responses to targeted cytokine blockade (Table 2) [7, 16]. 
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Table 2 Targeted treatment of monogenic autoinflammatory cytokine storm syndromes 


Syndrome Gene Drug Category | Effect Reference/trial ID 
AGS2 RNASEH2B | Ruxolitinib | Jak Given after CSS, | Tungler et al., Ann 
inhibitor | improvement of | Rheum Dis [21] 
IFN score 
AGS Several Baracitinib | Jak Unknown NCT01724580 
inhibitor https://www.ncbi.nim. 
nih.gov/pubmed/ 
29649002 
DIRA ILIRN Anakinra IL-1 Rapid Aksentijevich et al., 
inhibitor | improvement, NEJM [22] 
risk of Mendonca et al., J 
anaphylaxis Clin Immunol [23] 
MAS NLRC4 Anakinra IL-1 Prevention of Canna et al., Nat Gen 
inhibitor | MAS flares [11] 


Tadekinig-a@ | IL-18 Given with IL-1 | Canna et al., JACI 
inhibitor | inhibitor, MAS | [41] 


resolution/flare 
prevention 
Auto- NLRC4/ Tadekinig-a | IL-18 Unknown NCT03113760 
inflammation | XIAP inhibitor 
MAS NLRC4 Emapalumab | IFNy Improvement of | Bracaglia et al., 
inhibitor | MAS Pediatr Blood & Ca 
[42] (abstract) 
MAS N/A Emapalumab | IFNy Unknown NCT03311854 
inhibitor 


Exemplifying the power of this pattern, the safety and utility of IL-1 blockade in 
monogenic autoinflammation prompted its use in genetically indistinct diseases like 
SJIA, and ultimately the review of IL-1 responses in MAS-like sepsis subsets [62]. 
Still, the lack of clinical overlap between canonical autoinflammation and CSS syn- 
dromes is itself instructive. The isolated effects of excess IL-1 or type I IFN appear 
insufficient to drive SIRS. However, biomarkers suggest that MAS and HLH are 
united by evidence for pathogenic IFN-y activity. That NLRC4 hyperactivity and 
XIAP deficiency are both associated with MAS/HLH as well as extreme and chronic 
IL-18 suggests one potential mechanism of convergence. Taken together, these data 
suggest that the CSS/SIRS phenotype may rely on simultaneous excess of both IFN 
and IL-1 family members. As we improve our ability to immunophenotype CSS 
patients, including their responses to an ever-widening array of targeted therapies, 
the near future looks bright for precision medicine in CSS. 
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Macrophage activation syndrome (MAS) is a hemophagocytic cytokine storm syn- 
drome (CSS) that may occur in patients with established rheumatic disorders. 
Development of MAS may be due to activity of the underlying disease lowering 
thresholds for activation of immune cells involved in MAS pathogenesis (one exam- 
ple being systemic lupus erythematosus, see chapter on Systemkic Lupus). In other 
cases, shared genetic factors favoring development of the underlying rheumatic dis- 
ease may also predispose to the development of MAS (as may be the case in patients 
with adult Still disease). Alternatively, in many cases the factors leading to develop- 
ment of MAS and those causing development of the underlying disorder may be 
unrelated. Treatment for rheumatic disorders may increase the risk for acquired 
infections known to serve as triggers for MAS in genetically susceptible individu- 
als. Indeed, with the notable exceptions of lupus and adult Still disease, in the 
majority of reported cases of MAS occurring in patients with underlying rheumatic 
disease an infectious trigger (most commonly herpes virus infection such as CMV 
or EBV) has been implicated, with biologic therapy being a potential risk factor [1]. 
Nonetheless, as the genetic basis of rheumatic disorders as well as MAS become 
further elucidated, pathophysiologic links between a number of rheumatic disorders 
and MAS risk may become increasingly apparent. 


Rheumatoid Arthritis 


There are case reports of hemophagocytic syndrome noted in adult as well as in 
pediatric patients with underlying seropositive rheumatoid arthritis (RA) [1-8]. In 
most reported cases, identifying triggers were not identified but it is unclear as to 
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Table 1 MAS in established rheumatic disease: identified infection triggers 


Rheumatic disease Identified infectious triggers 
Rheumatoid arthritis EBV, CMV [4] 

Hepatitis E [6] 

E. coli [7] 

Leishmaniasis [8 | 
Spondyloarthropathy/inflammatory bowel disease Mycobacterium tuberculosis |11, 12] 
Polyarteritis nodosa EBV [13, 14] 
Granulomatosis with polyangiitis HSV [15] 
Eosinophilic granulomatosis with polyangiitis Aspergillosis [16] 
Dermatomyositis CMV [17] 
Sarcoidosis EBV [18] 


Histoplasmosis |18, 19] 
CMV cytomegalovirus, EBV Epstein-Barr virus, HSV herpes simplex virus 


what extent systematic approaches to identify such were undertaken. Given the rela- 
tively high prevalence of RA, it is not surprising there would be reported cases of 
MAS in this population, but in reported case series examining rheumatic disease 
associations with MAS, RA is a seldom reported association [9], and relative to 
disorders with a much lower prevalence there have been significantly fewer case 
reports of MAS occurring in the setting of RA [10]. It is therefore likely that MAS 
arising in the context of RA is likely attributable to acquired infections and/or 
genetic and epigenetic factors unrelated to those responsible for RA pathogenesis. 

In several reported cases, the syndrome developed in the context of changes in 
disease-modifying therapy and in cases where infectious triggers were identified 
(Table 1), patients were on biologic and/or immunosuppressive therapy for their RA 
[4-8]. Prescribed therapies for RA may therefore increase risk for acquired infec- 
tions known to trigger MAS in susceptible individuals. Conversely, biologics such 
as anakinra and tocilizumab that are used in the management of RA have reported 
efficacy in managing MAS, and their use may confer a protective role by suppress- 
ing the development of MAS that may otherwise develop in a susceptible patient 
with RA exposed to a known MAS trigger. 


Seronegative Spondyloarthropathies 


MAS has been reported to occur in the setting of ankylosing spondylitis and psori- 
atic arthritis, and in patients with Crohn disease or ulcerative colitis with or without 
enteropathic arthritis [10—12, 20-24]. Of interest, in several reports development of 
MAS antedated the onset of manifestations of spondyloarthropathy [21—23]. In 
some of these reported cases, genetic testing confirmed the presence of dominant 
negative mutations in perforin pathway genes, including PRF1 [22], UNC13D [23], 
and RAB27A [23] that have been linked to MAS. Whether perforin pathway genes 
increase risk for spondyloarthropathy has not been systematically evaluated. 
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As has been observed in patients with RA, MAS has been reported in patients 
with spondylitis in the setting of acquired infection while on therapy with biologic 
modifiers [11, 12]. Acute infections with Salmonella and Clostridium difficile have 
been implicated as infectious triggers of MAS in patients with or without underly- 
ing rheumatic disease [25, 26]. Despite the association of acquired infection with 
reactive arthritis, MAS has not been reported in this setting. 

Treatment of MAS that develops in the context of any of the spondyloarthopa- 
thies should be directed toward eliminating infections identified as likely triggers 
and appropriate immunosuppressive therapy to minimize the production of cyto- 
kines by activated T cells and macrophages. In addition to initiating high doses of 
corticosteroids, early use of anti-cytokine therapy targeting IL-1 (anakinra) or IL-6 
(tocilizumab) are of reported benefit in effecting resolution of the MAS with less 
corticosteroid exposure. Biologics targeting tumor necrosis-alpha, [L-12/IL-23, or 
IL-17 that are commonly used in the management of inflammatory bowel disease or 
spondyloarthopathies may not be as efficacious in suppressing MAS features as 
those that target IL-1 or IL-6. To minimize additional infection risk, it may therefore 
be prudent to withhold these background treatment biologic therapies when employ- 
ing anti-IL-1 or anti-IL-6 therapies to treat supervening MAS. 


Vasculitis 


There are several reported cases of MAS occurring in patients with polyarteritis 
nodosa (PAN). In some reported cases, MAS was attributed to underlying viral 
infection (EBV) thought to trigger both the vasculitis and the observed MAS [13, 
14]. In others, MAS appears to have occurred as a complication of secondarily 
acquired opportunistic infections complicating prescribed immunosuppressive ther- 
apy [13]. In a number of case reports, active hepatitis B virus infection has been 
implicated as the likely trigger for MAS, although associated arteritis was not a 
reported clinical feature [27-29]. MAS has been reported in patients with HCV 
associated cryoglobulin syndromes, but usually in the context of other acquired 
infection during the course of prescribed treatment [30]. 

There are rare case reports of MAS occurring in the setting of anti-neutrophil 
cytoplasmic antibody (ANCA) associated vasculitis syndromes including granulo- 
matosis with polyangiitis, microscopic polyangiitis, eosinophilic granulomatosis 
with polyangiitis, or anti-MPO associated Goodpasture syndrome [15, 16, 31, 32]. 
However, it is important to recognize that complicating infections have been identi- 
fied as the likely inciting trigger for MAS observed in the reported cases, and care- 
ful evaluation for known infectious triggers (Table 1) should be undertaken when 
MAS develops in this setting [10, 15]. 

Similarly, MAS has not been reported as a presenting or complicating feature of 
giant cell arteritis or Takayasu arteritis [10]. As is applicable to the other aforemen- 
tioned vasculitides, the occurrence of MAS in a patient with either of these disorders 
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should likewise prompt investigation for infections known to be associated with the 
development of MAS. 

Since the development of MAS in patients with vasculitis most commonly occurs 
in the setting of acquired (often opportunistic) infection, treatment should be 
directed toward elimination of identified infectious triggers as well as immuno- 
therapy directed toward minimizing organ damage from inflammatory cytokines. 
In addition to escalating doses of prescribed corticosteroids, high dose intravenous 
immunoglobulin (IVIG) (2 g/kg every 3-4 weeks) may be of particular utility in 
managing MAS in this setting as it has been shown to be effective in suppressing 
vascular inflammation in polyarteritis as well as ANCA-associated vasculitides, and 
may also help clear viruses (notably CMV) or other MAS-triggering microbial 
pathogens. Caution should be undertaken when using [VIG in patients with vascu- 
litis due to cryoglobulins containing rheumatoid factors as doing so may exacerbate 
the vasculitis. Rituximab or other B-cell-depleting monoclonal reagents is an effec- 
tive adjunct in the treatment of EBV-associated MAS and may have additional 
remission attributes for patients with underlying ANCA-associated vasculitis who 
develop MAS due to EBV infection. 


Kawasaki Disease 


MAS has been increasingly recognized as a complicating feature of Kawasaki 
disease (KD), occurring in at least 1-2% of cases in one reported series [33, 34]. 
In both murine models of Kawasaki disease as well as human immunophenotyping 
studies in affected patients, IL-18 has been shown to be central to the development 
of vascular lesions [35, 36]. Indeed, these observations as well as a number of 
shared clinical and laboratory features with systemic juvenile idiopathic arthritis 
(sJIA) have led to the consideration of Kawasaki disease as an IL-18 mediated auto- 
inflammatory disorder, with several clinical trials underway to determine the effi- 
cacy of anakinra or canakinumab in managing KD [37, 38]. Hyperferritinemia is not 
uncommonly observed in patients with KD, but when observed levels of ferritin 
exceed 5000 ng/ml and are accompanied by leukopenia/thrombocytopenia, evolv- 
ing MAS should be considered. In such cases, therapy should be escalated beyond 
treatment with IVIG and corticosteroids, incorporating anti-cytokine therapy with 
anakinra or canakinumab. If there is still failure to respond, further escalation of 
treatment with calcineurin inhibitors can be undertaken. 


Adult-Onset Still Disease 


Patients presenting with adult-onset Still disease (AOSD) also have clinical and 
laboratory features very much in common with those associated with sJIA, many of 
which are also characteristic of MAS (Table 2). These shared features include 
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Table 2 Clinical and laboratory features of AOSD, sJIA, and MAS 


AOSD sJIA MAS 
Hyperferritinemia + + 4+ 
Fever + $ Fa 
AST, ALT elevation + +/— + 
High CRP + + + 
Hepatomegaly + + + 
Splenomegaly + + + 
High triglycerides — = $ 
Cytopenias — = + 
Low fibrinogen — = $ 


Elevated d-dimer 


significant hyperferritinemia, fever, and elevated serum transaminase levels. The 
underlying cytokine profiles are also similar, with elevations in IL-16 and IL-18 
characteristic of both disorders [39]. Just as patients with active flares of sJIA or KD 
should be monitored for development of MAS, such is also the case for patients who 
present with AOSD. The initial clinical presentation of AOSD may well be that of 
MAS [40, 41]. While hyperferritinemia and elevation of liver transaminase levels 
are commonly seen in patients with active AOSD, the development of leukopenia, 
thrombocytopenia, and/or evidence of coagulopathy in a patient with AOSD por- 
tend developing MAS. Given the increased mortality associated with AOSD com- 
plicated by MAS [39], it is therefore prudent to monitor serial blood counts as well 
as serum levels of lactate dehydrogenase (LDH), plasma levels of d-dimer, and 
serum levels of fibrinogen in patients with active AOSD. 

As has been observed in patients with sJIA and KD, excess production of IL-1B 
appears to play a significant role in the pathogenesis of AOSD [39]. For patients with 
AOSD who have developed features of MAS, initiation of anti-IL-1B therapy with 
glucocorticoids (if not yet administered) is recommended as the majority of patients 
will respond rapidly to this combined treatment. Anakinra has been used most com- 
monly, usually in doses of 100 mg administered subcutaneously every 12 h, and may 
lessen overall corticosteroid exposure [42]. If needed, the dose can safely be esca- 
lated to every 6 h for critically ill patients [43, 44]. For patients failing to respond 
within 48 h to maximum doses of anakinra, addition of cyclosporine at 2.5 mg/kg/ 
day may effect clinical resolution of MAS [41]. Alternatively, an 8 mg/kg dose of 
tocilizumab can be administered in patients failing to respond or who may develop 
intolerable significant injection site reactions to anakinra [45]. 

Additional reported complications seen in AOSD patients who have developed 
MAS include myocarditis, pulmonary hypertension, and interstitial lung disease 
with nonspecific interstitial pneumonitis (NSIP) [43, 46]. The combined approach 
of anti-I[L-1 therapy with anakinra and cyclosporine or use of tocilizumab has been 
used with success in patients with these complications [43, 46, 47]. 

Once the MAS flare has abated with resolution of cytopenias and any noted ele- 
vations in serum LDH and d-dimer levels, therapy can be sequentially attenuated 


428 W. W. Chatham 


starting with tapering of corticosteroids, then discontinuation of cyclosporin or 
other employed calcineurin inhibitor. Since AOSD is most effectively managed with 
anti-IL-1B therapy or tocilizumab, biologic therapy should be continued to avoid 
severe relapses of AOSD and associated MAS. In most patients, anakinra can be 
decreased to once daily dosing; when tocilizumab is employed, either weekly sub- 
cutaneous (100 mg) or monthly intravenous dosing (4-8 mg/kg) can be employed to 
maintain disease remission and avoid relapse. With prolonged remission it may be 
reasonable to discontinue therapy with careful subsequent observation for relapse. 


Behcet and Autoinflammatory Disease 


Due to associated excessive production of inflammatory cytokines capable of pro- 
moting activation of macrophages, monogenic autoinflammatory disorders as well 
as Behcet disease (BD) may be associated with the development of MAS [10, 48]. 
MAS has been reported to be the presenting manifestation in patients with familial 
Mediterranean fever [49] and TNF (tumor necrosis factor) receptor associated peri- 
odic syndrome [50]. MAS was reported to have occurred during one of many 
sequential febrile attacks in a patient with hyperimmunoglobulin D syndrome [51]. 
Patients with cryopyrin associated periodic syndrome (CAPS) have also been 
reported to develop MAS [52], whether due to gain of function mutations in NACHT, 
LRR, and PYD domain-containing protein 3 (NLRP3) or the NLR-family CARD- 
containing protein 4 (NLRC4) with attendant excessive production of IL-18 [53]. 
Defects in cytotoxicity have been identified in some of the reported cases, but have 
not been a consistent finding in patients who have developed MAS on this back- 
ground [48]. Regardless of similarities or differences in canonical IL-18 and IL-18 
driven pathways of inflammation, it is important to be mindful of possible MAS 
development in patients with the monogenic inflammatory disorders, as escalation 
of therapy to manage complicating MAS may be required in the setting of hyperfer- 
ritinemia with cytopenias and coagulopathy. 

Studies in patients with BD have traditionally demonstrated evidence of signifi- 
cant monocyte and macrophage activation [54, 55] as well as increased numbers 
and activation of circulating gamma-delta T cell subsets and natural killer (NK) 
cells [56]. However, reports of MAS in patients with BD are uncommon. Reported 
cases have been in association with intercurrent herpes virus infection such as EBV 
or CMV that potentially triggered observed MAS [57]. 


Polymyositis/Dermatomyositis 


MAS has been reported in patients with idiopathic inflammatory myopathy, with the 
preponderance of reported cases associated with dermatomyositis (DM), particularly, 
juvenile-onset DM. MAS may be the presenting feature of dermatomyositis [58], 
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and may be associated with pulmonary [59], as well as CNS [60] complications. 
Favorable responses to treatment with calcineurin inhibitors and corticosteroids, 
with or without plasma exchange, have been reported in this clinical setting [61], 
62]. As has been noted to occur in other rheumatic disorders, complicating infection 
with herpes viruses such as CMV may trigger MAS in the setting of DM with fatal 
consequences despite CMV and MAS-directed therapy [17]. 


Systemic Sclerosis 


MAS has rarely been reported in the setting of systemic sclerosis [10, 13, 63, 64]. 
The treatment of MAS in this setting may be challenging as high-dose corticoste- 
roids carries an increased risk of precipitating scleroderma renal crisis, and use of 
calcineurin inhibitors may exacerbate underlying renal arteriopathy prevalent in 
patients with this disorder. Early intervention with an IL-1f inhibitor such as 
anakinra may therefore be a preferred initial intervention. Etoposide has been used 
with success in this setting but may require support with G-CSF [65]. 


Sarcoidosis 


MAS is rarely reported in patients with established sarcoidosis, occurring either in 
the presence or absence of identified infectious triggers [10, 18]. In the majority of 
reported cases infectious triggers including EBV and histoplasmosis I have been 
identified [18]. Histoplasmosis is a well-established trigger for MAS, and the acute 
presentations of sarcoidosis and histoplasmosis share both clinical and pathologic 
features [19]. It is therefore particularly prudent to perform diagnostic studies 
including serum and urine antigen studies, blood smears, and fungal cultures for 
histoplasmosis in the setting of MAS and granulomatous disease. Moreover, since 
disseminated granulomatous lesions may be characteristic of patients with com- 
mon variable immune deficiency (CVID), it is furthermore prudent to assess 
immunoglobulin levels in this setting to determine whether MAS is occurring in 
the context of CVID rather than sarcoidosis. This is of particular relevance in the 
context of reported EBV triggered MAS in patients with sarcoidosis, as EBV as 
well as CMV infections have been implicated in the majority of case reports of 
MAS associated with CVID [66, 67]. As is recommended for MAS occurring in 
other rheumatic entities, treatment is best directed toward identified triggering 
infections as well as combinations of high-dose corticosteroids, calcineurin inhibi- 
tors, and biologic therapies targeting IL-1 and/or IL-6 to suppress the associated 
cytokine storm. 
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Summary 


MAS has been reported with variable frequency in the context of most established 
inflammatory rheumatic and autoimmune disorders. It is most commonly seen in 
disorders whereby by the underlying innate inflammation defects (AOSD, AID) or 
autoimmune pathways (SLE) underlying the disorder might be predicted to give rise 
to MAS during severe flares. In other disorders, MAS may arise in the context of 
mutations in the perforin pathway known to be associated with MAS and inciting 
epigenetic infectious triggers, most commonly herpes virus family infection. As 
such, for these patients presenting with MAS, it is important to assess for the pres- 
ence of infectious triggers as well as genetic studies targeting mutations in perforin 
pathway proteins to ascertain future risk. 

Therapy directed toward treating severe flares of underlying rheumatic disease 
may abate developing MAS, as is not uncommonly observed in patients with AOSD 
or systemic lupus. However, resolution of MAS in these disorders and more often 
than not in other rheumatic disorders may require escalation of therapy directed 
specifically toward decreasing the production of cytokines driving MAS. Successful 
reported outcomes employ a combined approach with initial high dose corticoste- 
roids, inhibitors of IL-1 and/or IL-6, and the use of calcineurin inhibitors targeting 
production of T cell-derived cytokines. Careful dosing with etoposide may be used 
in refractory cases with vigilance for and appropriate interventions for attendant 
neutropenia. The role of antibodies to interferon-gamma, now available for use in 
the management of patients with primary/familial hemophagocytic lymphohistiocy- 
tosis ((HLH), in the treatment of secondary forms of MAS/HLH remains to be 
determined. Caution should be exercised in extrapolating the experiences with this 
and other established protocols for familial HLH to therapeutic use in secondary/ 
acquired forms of macrophage activation syndrome. 
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Two Types of HLH in the Context of Malignancies 


Malignancies constitute a major underlying condition of the hyperinflammatory 
syndrome hemophagocytic lymphohistiocytosis, a subset of cytokine storm syn- 
dromes (CSS). The number of reported cases is increasing steadily [1]. The diagno- 
sis is challenging as the overlap of HLH features and features of neoplastic disease 
is substantial. HLH in the context of malignant conditions can occur in the two 
different settings [2]: 

In the first setting, the hyperinflammatory nature of HLH is directly driven by the 
neoplasm. In this chapter, this is referred to as malignancy-triggered 
HLH. Manifestation is usually at presentation or relapse of the malignancy. 
Lymphoma cell lines secret inflammatory cytokines such as interferon-y (IFN-y) 
and interleukin-6 (IL-6) that are key players in different types of cytokine storm 
syndromes [3, 4]. Additionally, certain markers of HLH and lymphoma show rele- 
vant overlap. Elevated soluble interleukin-2 receptor alpha chain (sCD25) is a fea- 
ture of both HLH and of non-Hodgkin lymphoma [5, 6]. In some lymphomas, 
herpes viruses, particularly Epstein-Barr virus (EBV), can further aggravate the 
hyperinflammation [7]. 

In the second setting, HLH can occur related to the profound immune suppres- 
sion conferred by the cytostatic treatment. This increases the likelihood of infection 
or reactivations and consequent HLH [8]. Indeed, infectious triggers are frequently 
found, which renders HLH in this setting more similar to infection-associated sec- 
ondary HLH. The microbiological spectrum extends from viral triggers (e.g., EBV, 
cytomegalovirus (CMV), BK virus, human herpes virus-6) to invasive fungi and 
bacteria [9-12]. HLH in this setting tends to occur several months into treatment. 
Patients may already be in remission of the neoplasm. It is sometimes difficult to 
clearly differentiate between malignancy-triggered HLH and HLH in the context of 
chemotherapy. Coexistence is possible when infectious agents enhance malignancy- 
triggered HLH. Management, however, is different, and it should thus always be 
attempted to distinguish the two subtypes, which is not always the case in the avail- 
able literature. 


Frequent Malignant Conditions 
in Malignancy-Triggered HLH 


Lymphomas make up for 75-80% of malignant conditions associated with HLH in 
children, adolescents, and adults [1, 13]. Table 1 lists the most pertinent malignan- 
cies. The most frequent malignancies in adults are T and NK cell lymphomas (35%), 
B cell lymphomas (32%), leukemias (6%), Hodgkin lymphomas (6%), and other 
hematologic cancers (14%). Solid tumors (3%) and other malignancies (3%) are 
rare. The distribution of entities appears to differ in different global regions. B cell 
lymphomas are predominantly reported from Western countries and Japan [14, 15], 
while cohorts from China and Korea mainly include T cell malignancies [16—18]. In 
children and adolescents, T cell malignancies predominate [13, 19]. 
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Table 1 Malignancies associated with HLH 


Prevalence in adults with 
malignancy-associated HLH 
Type of malignancy | Sub-entities with particular risk of HLH |(%) [1] 
T and NK cell 35 
lymphoma 
Subcutaneous panniculitis-like T cell 
lymphoma 
Primary cutaneous y6-T cell lymphoma 
NK cell lymphoma 
Anaplastic large cell lymphoma 
B cell lymphoma 32 
Diffuse large B cell lymphoma 
Intravascular large B cell lymphoma 


Hodgkin lymphoma 6 
Leukemia 6 
Other hematologic 14 
malignancies 

Solid tumors 3 


Mediastinal germ cell tumors 
Langerhans cell histiocytosis 


Others and related 

disorders 
Cytophagic histiocytic panniculitis 
EBV+ T cell and NK cell 
lymphoproliferative disorders 


Multicentric Castleman disease with HIV 
infection 


Among the T cell neoplasms, mature subtypes are more prone to elicit HLH. This 
includes subcutaneous panniculitis-like T cell lymphoma, primary cutaneous y6-T 
cell lymphoma, and anaplastic large cell lymphoma [20]. Lymphoblastic T cell lym- 
phomas and leukemias have less frequently been reported [13, 19]. Diffuse large B 
cell lymphoma (DLBCL) is the main entity among the B cell neoplasms. The preva- 
lence of HLH in patients with intravascular large B cell lymphoma, especially in Far 
East Asia, is high [21]. In contrast, B precursor malignancies are infrequent triggers 
of HLH [22]. Among the rarely occurring solid tumors, a few have a particular pro- 
pensity to elicit HLH, namely, mediastinal germ-cell tumors [23] and Langerhans 
cell histiocytosis (LCH) [24], for which increasing evidence indicates it is a malig- 
nant condition. Occasional reports described HLH with embryonal tumors [10]. 
Some lymphomas have a strong correlation with EBV as a co-trigger. This applies 
to Hodgkin lymphoma, where the prevalence of EBV reaches 90% if HLH occurs 
[7, 25], and peripheral T cell lymphoma (30%) [15, 17]. In DLBCL, however, a 
viral co-trigger is rarely found [26, 27]. 

Differential diagnoses for HLH associated hematopoietic disorders include cyto- 
phagic histiocytic panniculitis [28], EB V-driven T and NK cell lymphoproliferative 
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disorders (particularly in Far East Asia) [29-31], and multicentric Castleman dis- 
ease with human immune deficiency virus (HIV) infection [32]. 


Treatment Regimens Associated with HLH in the Context 
of Chemotherapy 


The prevalence of documented infectious triggers in this cohort of malignancy 
associated HLH is 75—100%. This includes viruses (reactivations and primary 
infections) and fungi [9, 10, 13, 22, 33, 34]. As bacterial septicemia per se shares 
many features with HLH [35], it is controversial if these cases should be regarded 
as HLH or rather as a “mimic”. The intensive cytostatic drug schemes for leukemias 
and lymphomas have a strong correlation with the occurrence of HLH [9]. It is, 
however, noteworthy that HLH not only occurs during the intensive induction and 
consolidation schemes, but HLH on maintenance therapy can be equally severe and 
life-threatening [13]. T cell engaging treatments with chimeric antigen receptor 
modified T cells and bispecific T cell engaging antibodies can elicit cytokine release 
syndromes. In this iatrogenic subtype of HLH, the forced recruitment of T cells 
triggers the cytokine storm [36]. 


Diagnostic Workup 


Different scenarios lead to different questions in the diagnostic workup: (1) A 
patient has confirmed HLH. Workup must address the question if there is a malig- 
nant driver of the hyperinflammation; (2) A patient has confirmed malignancy and 
HLH is suspected; or (3) A patient is on chemotherapy treatment and HLH is 
suspected. In the latter two cases, workup must provide evidence for or against 
HLH, to allow for therapeutic consequences to be taken. 

HLH 1s a condition that can only be diagnosed on the grounds of an entire set of 
characteristics, including clinical features and laboratory parameters. The most fre- 
quently used criteria for clinical and scientific purposes were devised for the HLH- 
2004 treatment protocol [37]. These criteria include fever, splenomegaly, decreased 
blood counts and fibrinogen, elevated ferritin, triglycerides, and sCD25, decreased 
natural killer cell function, and the finding of hemophagocytosis, typically in the 
bone marrow. (PLEASE REFER TO DIAGNOTIC CHAPTER WHERE HLH-2004 
CRITERIA ARE DISPLAYED IN A TABLE.) Elevated lactate dehydrogenase, 
transaminases, and d-dimers, and decreased albumin may support the diagnosis. In 
the context of malignant diseases, there are substantial imperfections of the criteria, 
mainly related to the fact that several findings per se may be present in neoplastic 
disease or during cytostatic treatment (“B symptoms,” cytopenia, organomegaly). 
Different groups of adult physicians have attempted to come up with other criteria, 
reviewed in [38]. This includes a scoring system based on a cohort in which almost 
half of patients had malignancy-associated HLH [39]. Others have described typical 
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parameters of HLH during therapy for acute myeloid leukemia [9]. The acceptance 
of the different sets of criteria however varies. Even though hemophagocytosis is 
eponymous in this condition, it is neither very specific nor sensitive [40]. It is a 
diagnostic error to diagnose HLH solely based on the finding of hemophagocytosis. 
Soluble CD25 (sCD25) is typically more pronouncedly elevated in HLH with 
underlying lymphoma or Langerhans cell histiocytosis (LCH) than in other forms of 
HLH, which is why a high sCD25-ferritin ratio should raise suspicion of hidden 
lymphoma or LCH [41]. 

Despite the importance of formal criteria for clinical and scientific purposes, a 
general judgement is usually helpful if the combination, the extent, and the progres- 
sion of parameters is unexpected, unusual, and otherwise unexplained [2]. There is 
no single pathognomonic feature of HLH. However, the combination of features 
makes the condition unique and guides the way to the diagnosis. The extent of labo- 
ratory abnormalities tends to be extreme, which should raise suspicion. The dynam- 
ics of HLH are frequently fulminant. To stop the condition in time, this progression 
warrants early detection. 

The diagnosis of HLH must always prompt a search for a potential malignant 
disease, which in most cases is lymphoma. The higher the age of the patient the 
more likely is a neoplasm [15]. Basic diagnostic procedures should be performed 
(cytology of blood and marrow, ultrasound of abdomen and lymph nodes, chest 
X-ray). If no other plausible cause is found (infection, hereditary disease, autoim- 
mune or autoinflammatory condition), magnetic resonance imaging (MRI), com- 
puted tomography (CT), positron emission tomography CT (PET-CT) scans, and 
lymph node biopsies should be considered. Organ biopsies (e.g., liver) in patients 
with HLH carry a substantial risk of bleeding complications in the context of throm- 
bocytopenia and consumptive hypofibrinogenemia. Risks and benefits must be care- 
fully considered. Other conditions may be present, concomitantly with a neoplasm. 
EBV and HIV are potent triggers of HLH and may be associated with hematological 
malignancies [42]. A cerebral MRI and lumbar tap should be considered to exclude 
central nervous system involvement, particularly in patients presenting with neuro- 
logical symptoms. 

Monitoring of disease progression and response to treatment is based on the 
HLH parameters. Platelets quickly indicate improvement or worsening of disease 
activity. A challenge, however, is the differentiation of myelotoxicity of treatment 
and persistence of inflammation, as both the former and the latter result in cytope- 
nia. A bone marrow aspirate may sometimes be helpful in this situation. 
Normalization of ferritin may take several weeks or months [43] and repeated red 
blood cell transfusions may constitute a confounder. 


Cytotoxicity Defects and Malignancy 


Most pertinent hereditary defects not only predispose to HLH but to malignancy as 
well. The degree of predisposition varies. In a large retrospective study on patients 
with X-linked lymphoproliferative syndrome type (XLP) 1, most individuals 
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presented with EBV-associated HLH (approx. 40%). However, B cell lymphoma 
was the first manifestation in 14% and occurred at any time in 25% of patients [44]. 
A history of EBV-associated HLH and B cell lymphoma is thus suggestive of 
XLP1 in male patients. No patients with lymphoma have however been reported for 
XIAP deficiency (XLP2) [45]. Several EB V-susceptibility syndromes additionally 
predispose to lymphoma, including deficiencies of the magnesium transporter 1 
(MAGT1), inducible T cell kinase (ITK), and CD27 [46]. 

Familial HLH mouse models reveal an increased incidence of lymphoma [47]. In 
perforin and degranulation defects (see chapter “Murine Models of Familial 
Cytokine Storm Syndromes”), malignancy usually occurs in patients with hypo- 
morphic defects who have survived to adolescence or adulthood without stem cell 
transplant (SCT). Patients with complete defects usually experience HLH and 
receive an SCT before malignancy can develop. In humans, perforin mutations are 
associated with hematologic malignancies [48, 49]. The role of the prevalent hypo- 
morphic mutation p.A91V in hematological malignancies is debated [50, 51]. 
Several case reports ascribe the development of Hodgkin lymphoma to inherited 
cytotoxicity defects [52-55], with or without EBV. Heterozygous familial HLH 
mutations do not seem to be associated with hematological malignancies [56]. 
Somatic loss of heterozygosity of STX11, the gene mutated in familial HLH 4, has 
been found in adult peripheral T cell lymphoma [57]. An increased incidence of 
gynecological tumors was found for heterozygous carriers of mutations conferring 
familial HLH [56]. Colorectal and ovarian carcinoma patients are not more likely to 
have perforin mutations [58]. 

Whether a predisposing hereditary defect should be excluded in a patient with 
malignancy-associated HLH must be decided case-by-case. Young age, previous 
episodes of full or partial HLH, and a positive family history render a hereditary 
background more likely. A positive EBNA IgG as proof of a previous infection 
without a prior episode of HLH decreases the likelihood of a genetic defect, as EBV 
is considered the most potent trigger of HLH in cytotoxicity defects and is likely to 
have elicited HLH on primary infection. If required, screening for the relevant 
defects may be performed by flow cytometry (protein stains and degranulation 
assays) [59, 60] (REFER TO RESPECTIVE CHAPTER), followed by genetic anal- 
ysis in the case of abnormal findings. Next-generation sequencing may be indicated 
in special cases. 


Treatment and Prognosis of Malignancy-Triggered HLH 


Treatment of HLH must not be delayed as the course of disease may be fulminant. 
It is not known whether primarily HLH-directed treatment or malignancy-directed 
treatment 1s most effective for overall outcome. However, there is substantial 
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overlap in the agents used for treatment of malignancies and HLH. Decisions must 
be taken on a case-by-case basis. Etoposide and glucocorticosteroids, in particular, 
are used for both conditions. Etoposide selectively ablates activated T cells [61] and 
in that way dampens inflammation. Further chemotherapeutic agents with efficacy 
in murine models of primary HLH include cyclophosphamide and methotrexate 
[61]. Malignancy-directed protocols containing dexamethasone, etoposide, or 
cyclophosphamide may thus constitute the preferred treatment option to address 
HLH when it occurs in the context of a neoplasm. In patients where initially an 
HLH-directed approach is pursued, a regimen addressing the neoplasm must follow 
once HLH parameters have stabilized or resolved. 

Initial HLH-directed immunosuppressive treatment may be an option particu- 
larly in patients with poor general condition and thusly prepares the patient for more 
intensive subsequent malignancy-directed therapy. A prospective study of patients 
with lymphoma-triggered HLH and failure of first-line treatment analyzed a regi- 
men with liposomal doxorubicin, methylprednisolone, and etoposide. Complete 
response was achieved in 17%, partial response (1.e., moderate improvement of 
parameters) in 59%, and no response in 24% of patients [62]. Some retrospective 
studies and case series have indicated better survival if etoposide was administered; 
substantial limitations of these analyses however preclude generalization [63, 64]. 
In cytophagic histiocytic panniculitis and subcutaneous panniculitis-like T cell lym- 
phoma, cyclosporine A and anakinra have shown beneficial effects [28, 65, 66]. 
Ruxolitinib, a janus kinase inhibitor, was effective in mouse models of primary and 
secondary HLH [67, 68]. Its role for the treatment of HLH in the context of malig- 
nancies remains to be determined. Stem cell transplantation is usually warranted if 
a hereditary defect predisposing to HLH is found. 

Extensive anti-infectious treatment of viruses, bacteria, and fungi, as well as 
anti-infectious prophylaxis, including Pneumocystis jirovecii, and frequent screen- 
ing for fungi and viruses (EBV, CMV, adenovirus) is essential to fight triggering 
agents. In highly replicative EBV infection, rituximab should be considered to 
address this strong co-trigger by elimination of B cells [69]. An additional antitumor 
effect can be expected, if the neoplasm is CD20 positive. Adjustments of treatment 
doses and renal replacement therapy are required in patients with acute kidney fail- 
ure, which is more frequent in adults [70]. 

The interpretation of outcome data may prove difficult because it is often not 
possible to distinguish whether HLH or the underlying malignancy or both are the 
major causes of death. The substantial mortality of underlying neoplasms contrib- 
utes to the poorer outcome of HLH in the context of malignancy when comparing 
to other subtypes of HLH. Prognosis of HLH in T cell malignancies is inferior as 
compared to B cell lymphomas. In general, the occurrence of HLH in a patient with 
malignancy is associated with a poorer outcome. The 30-day survival of the acute 
phase of HLH in adults is reported to be 56-70% (depending on the subtype of the 
neoplasm), the median overall survival 36—230 days, and the 3-year survival 
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18-55% [15, 17, 18, 62—64, 71—74]. Children have a better prognosis, surviving the 
acute phase of HLH in 56—67% of cases and a median overall survival of approxi- 
mately 1 year [13, 19]. 


Therapy of HLH in the Context of Chemotherapy 


Evidence regarding treatment for HLH in the context of chemotherapy is limited. 
Pathogen-specific therapy is crucial if an infectious trigger is found, including anti- 
viral, antibacterial, and antifungal treatment. Rituximab has been proven beneficial 
in EBV-driven HLH [69] and is worth considering in patients with substantial 
EB-viremia. In general, antimicrobial prophylaxis against other viruses, fungi, and 
bacteria is advisable, as patients with HLH in the context of chemotherapy are usu- 
ally profoundly neutropenic and lymphopenic and are at risk for further aggravating 
infections. The antifungal spectrum must include Aspergilli. 

Further chemotherapeutic courses should be postponed or maintenance medica- 
tion interrupted until HLH is controlled. Administration of immunoglobulins may 
be attempted as an immune modulatory approach. Glucocorticosteroids can be 
used; however, particularly if the infectious trigger is fungal, the period should be 
kept as short as possible. It is debatable if more profound immune suppression with 
etoposide [13] is beneficial or counterproductive. This decision must thus be dis- 
cussed case-by-case. In cytokine-release syndrome in the context of T cell engag- 
ing therapies, the anti-IL-6 monoclonal antibody tocilizumab has been shown to be 
efficacious [36]. Overall survival was significantly lower in adult AML patients 
where features of HLH occurred during treatment [9]. In a small pediatric cohort of 
HLH in the context of chemotherapy mainly for leukemia, overall survival was 
0.9 years [13]. 


Conclusions for HLH Associated with Malignancies 


Malignancy-triggered HLH and HLH in the context of chemotherapy constitute a 
major challenge in hematology with poorer outcomes than other forms of HLH. The 
criteria used for the definition of HLH in malignant conditions need refinement. 
However, awareness of the condition may facilitate timely initiation of therapy. 
Since it is unknown if initial HLH-directed or malignancy-directed treatment is 
superior, therapy must be tailored on a case-by-case basis. 
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Cytokine Storm and Sepsis-Induced F 


Multiple Organ Dysfunction Syndrome ETRA 


Joseph A. Carcillo and Bita Shakoory 


Because this chapter overlaps with many others in this text book, we have included 
four figures to help the reader appreciate similarities and differences between sepsis- 
induced MODS-associated MAS or MALS (macrophage activation like syndrome) 
and rheumatologic disease-associated MAS, and familial HLH. Importantly there 
are no distinguishing clinical characteristics between the three; however, there are 
distinctive differences in sepsis cytokine patterns (Fig. 1, Table 1), NK cell number 
and functional response (Fig. 2, Table 1), T cell numbers and response (Fig. 3, 
Table 1), and putative therapies (Fig. 4, Table 1) compared to rheumatologic disease- 
associated MAS, and familial HLH. This chapter explores these differences. 

Mortality in sepsis is associated with a cytokine storm known as MARS or mixed 
anti-inflammatory response syndrome. This cytokine storm, said to be a result of 
immunologic dissonance, is characterized by high circulating IL-6 and IL-10 levels, 
and decreased ability of monocytes, macrophages, and dendritic cells to produce 
TNF alpha or interferon gamma (IFN-y) in response to endotoxin. Hotchkiss and 
colleagues reviewed autopsies in adult patients who died after 7 days of sepsis and 
found profound circulating T cell, B cell, dendritic cell, and NK cell lymphopenia 
along with lymphoid depletion related to apoptosis in the thymus, lymph nodes, 
spleen, and bone marrow [1]. Felmet et al. reported similar findings in children who 
died of lymphopenic sepsis-induced multiple organ failure (MOF) [2], and Gurevich 
et al. also reported this phenomenon in neonates who died with sepsis [3]. In addi- 
tion to lymphocyte numbers being depressed, monocyte and macrophage functions 
were severely depressed in these patients who had a condition known as “immuno- 
paralysis” characterized by inability to produce IFN-y, to clear infection, and to 
survive Sepsis. 
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Fig. 1 Cytokine response patterns in septic shock, toxic shock, multiple organ dysfunction syn- 
drome, immunoparalysis, and macrophage activation syndrome 


Table 1 Differences between sepsis-related MAS/MALS, rheumatology-associated MAS, and 
familial HLH 
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Fig. 2 Natural killer cell function response during infection, septic shock, toxic shock, multiple 
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immunoparalysis, and macrophage activation syndrome 


Hotchkiss and colleagues investigated sepsis immunology further using the 
cecal ligation and perforation (CLP) experimental model of mixed bacterial sepsis. 
Puncture with an increasing gauge needle increases mortality rate as the bacterial 
load leaking into the peritoneum increases with this maneuver. Initially, approxi- 
mately 50% of the rodents who die do so from shock followed by the other 50% 
who die later from multiple organ failure. Antibiotics and fluids can markedly 
reduce mortality when a lower gauge puncture is used but are less effective when a 
larger gauge puncture is used on the cecum. In a series of elegant experiments 
Hotchkiss studied the influence of apoptotic lymphocytes on development of 
immunoparalysis and subsequent death by employing heterologous transfer of 
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sham treated, freeze thawed (necrotic cells), and irradiated (apoptotic cells) spleno- 
cytes from a control rodent into the blood stream of sham and cecal ligation 
puncture treated animals. Compared to animals who received untreated heterolo- 
gous splenocytes, those who received necrotic cells (induces dendritic cell and 
macrophage activation) were protected from cecal ligation sepsis. They exhibited 
higher IFN-y production, lower circulating bacterial colony forming units, and 
improved survival. By contrast, compared to animals who received untreated heter- 
ologous cells, those who received apoptotic heterologous cells (deactivates den- 
dritic cells and macrophages) were more susceptible to cecal ligation and puncture 
induced sepsis. They exhibited decreased IFN-y production, increased circulating 
bacterial colony forming units, and increased mortality [4]. Chiche and colleagues 
similarly showed that cytokine storm is related to NK cell and T cell apoptosis in 
late experimental sepsis [5]. Hotchkiss and colleagues have now further demon- 
strated that check point inhibitors, including the PDL1 and PD1 antagonists that 
prevent lymphocyte apoptosis, as well as the lymphocyte growth factor IL-7, 
improve survival in the cecal ligation and perforation model by decreasing bacterial 
colony forming unit counts [6—8]. These investigators are now studying PDL1 and 
PD1 checkpoint inhibitors and IL-7 in human sepsis clinical trials. 

Because sepsis does not induce T lymphocyte derived IFN-y production, there 
is no role for etoposide therapy directed at CD8 T cells, nor for IFN-y inhibitors 
[9-15]. Both of these therapies can harm sepsis patients rather than help them 
because recovery of T cell and NK cell numbers is necessary for recovery of IFN-y 
production that is needed to reduce bacterial cell counts and resolve infection. The 
anti-cytokine strategy that has been successful in improving survival in endotoxin 
models and cecal ligation puncture sepsis models has been combined treatment 
with IL-1 and IL-18 antagonists [16]. Interleukin-1 and IL-18 are produced in a 
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feedforward fashion during inflammasome activation which is the likely the target 
of these anti-cytokine therapies. 


Toxic Shock and the Cytokine Storm 


Although most sepsis is caused by bacteria that stimulate a specific immune 
response that requires antigen presentation and specific T-cell activation; bacteria 
that shed toxins that are super antigens induce amplified promiscuous T cell activa- 
tion and a more pronounced cytokine storm. These bacteria include Streptococcus 
pyogenes which sheds the TSST toxin and Staphylococcus aureus which sheds the 
lipoteichoic acid toxin. Toxin-mediated cytokine storms can be treated with intrave- 
nous gamma globulin which neutralizes the toxin, clindamycin which prevents fur- 
ther toxin production, and methylprednisolone which calms the T cell response 
[17-20]. 


Hyperferritinemic Sepsis and the Cytokine Storm 


The greatest cytokine storm is observed in patients with hyperferritinemic sepsis. 
We have previously published a literature review derived working model that pro- 
poses a role for ferritin as a mediator of feedforward inflammation in sepsis. Two 
IFN-y independent inducers of macrophage activation related hyperferritinemia in 
patients with sepsis-induced MOF, are free hemoglobin and DNA viremia coin- 
fection [21]. Endotheliopathy (a disease that affects the endothelium) in sepsis 
leads to hemolysis, particularly in patients with gene variants related to atypical 
HUS and low to absent inhibitory complement production. The released free 
hemoglobin complexes with haptoglobin and binds to the macrophage haptoglo- 
bin receptor, CD163, which is internalized leading to production and release of 
extracellular ferritin. Extracellular ferritin activates liver stellate cells causing pro- 
inflammatory cytokine mediated liver injury. Ferritin also increases Toll like 
receptor (TLR) expression including TLR9 on innate immune cells, while inhibit- 
ing the adaptive immune response by preventing lymphopoiesis and increasing 
IL-10 production by dendritic cells. DNA viremia, ether by primary infection or 
by reactivation, allowed through sepsis-induced lymphopenia and immunoparaly- 
sis complexes with the macrophage TLR9 receptor resulting in inflammasome 
activation and production of IL-1, IL-18, and more extracellular ferritin. This 
results in a feedforward positive feedback inflammation loop with more liver 
injury, innate immune cell inflammation, and adaptive immune cell depression. 
Plasma exchange can be used to remove free hemoglobin and extracellular ferritin 
as well as to replace inhibitory complement. In patients with atypical HUS gene 
variants related to reduced or absent inhibitory complement, the CSA monoclonal 
antibody eculizumab can also be considered but care must be taken to not consider 
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this in patients with meningococcemia. Intravenous immunoglobulin (IVIG) is 
given to neutralize DNA viremia and to block further TLR9 stimulation. 
Interestingly, IL-1 receptor antagonist protein is effective in reversing both ferritin 
and TLR9 induced liver injury while inducing a delayed type | interferon response 
to combat DNA viremia [21-25]. It goes without saying that removal of the incit- 
ing source of infection is paramount to survival in sepsis. 


Macrophage Activation and Hyperferritinemic MOF 
in the Intensive Care Unit 


Autopsy studies have provided evidence linking sepsis and blood transfusion 
exposure to the development of macrophage activation and hyperferritinemic MOF 
during critical illness. In 1988, Suster and colleagues reviewed bone marrow, 
lymph node, and spleen histology from 230 consecutive intensive care unit adult 
autopsies to identify cases of histiocytic hyperplasia with hemophagocytosis 
(HHH) [26]. They reported moderate to severe HHH in 102/230 bone marrows 
(44%), 79/191 lymph nodes (41%), and 16/209 spleens (8%). There was a strong 
dose related relationship to both blood transfusion (adjusted odds ratio 59.9 for >5 
transfusions compared to O transfusions) and bacterial sepsis (adjusted risk ratio 
4.10). In 2004, Strauss and colleagues evaluated 107 consecutive medical intensive 
care unit (MICU) patient autopsies and found mild to severe HHH in 69 (64.5%) 
[27]. The authors similarly found HHH to be associated with sepsis and blood 
transfusions. Patients with HHH were less likely to have died due to cardiovascular 
causes (HHH 22/69, 32% vs. no HHH 28/38, 74%; p < 0.01) and more likely to die 
due to multiple organ failure (MOF) (HHH 27/69, 39% vs. no HHH 7/38, 18%; 
p < 0.05) with a characteristic organ failure pattern of elevated bilirubin, liver 
enzymes, and disseminated intravascular coagulation. Patients with HHH required 
more catecholamine infusions, mechanical ventilation, and continuous renal 
replacement therapy (CRRT). Severe HHH had more red blood cell siderosis sug- 
gesting iron overload, and CD8 T cells in bone marrow suggesting T cell activa- 
tion, hence the clinical descriptor “macrophage activation syndrome (MAS)/ 
Secondary (2°) hemophagocytic lymphohistiocytosis (HLH)/sepsis-induced 
MOF” [28]. These two autopsy studies associated HHH/MAS/2° HLH with more 
severe disease but could not determine if it was a novel and clinically relevant 
process or a secondary phenomenon. 

Experimental models provide evidence that supports macrophage activation 
as an important pathway to MOF. Steinberg et al. developed the sterile model of 
zymosan (Saccharomycoses cerevisiae) plus mineral oil intraperitoneal injection- 
induced MOF in rodents. This model results in initial hypovolemic shock followed 
by persistent macrophage activation [29]. Injection of either zymosan or mineral oil 
alone does not induce MOF, suggesting the need for both TLR stimulation and 
unremitting particulate irritation to induce persistent macrophage activation. In 
another rodent model, Behrens et al. reported that repeated TLR9 stimulation with 
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CpG oligodeoxynucleotides without TL4 stimulation led to MAS with cytopenias, 
splenomegaly, hyperferritinemia, and hepatitis [30]. Similarly, in a third murine 
model of cecal ligation and perforation induced sepsis, additional CpG injection 
induced cytokine production by macrophages and hepatic mononuclear cells with 
subsequent development of liver injury and MODS induced mortality [31]. The 
MAS/2° HLH phenotype elicited with repeated TLR9 stimulation is exacerbated in 
knockout mice deficient in the type 1 interferon receptor and ameliorated by 
interferon-a induced production of IL-1 receptor antagonist protein or with direct 
administration of recombinant IL-1 receptor antagonist protein (anakinra) in vivo. 
Liver dysfunction in this model appears to be related in part to IL-1 mediated 
inflammation [23, 32]. In a knockout for IL-18 binding protein (the natural inhibitor 
of IL-18), TLR-9-induced MAS is further exacerbated. Together these experimental 
models support a potential therapeutic role for Type 1 interferons, Interleukin 1 
receptor antagonist protein, and IL-18 as specific approaches for controlling MAS 
[16, 23, 31-33]. 

There are some clinical data supporting nonspecific approaches to treatment of 
MAS/2° HLH defined by the presence of five of eight clinical criteria that include 
ferritin > 500 ng/mL, two line cytopenia, splenomegaly, hypertriglyceridemia, 
hypofibrinogenemia, elevated sCD25, absent NK cytotoxic activity, and hemo- 
phagocytosis. Demirkol et al. evaluated therapies for Turkish children who met 
these criteria for hyperferritinemic MAS/2° HLH/sepsis-induced MOF in a cohort 
study [34]. They first excluded children who were under 2 years, had a history of 
consanguineous parenting, or had a previous young family member dying from 
fever because they were considered to be at high risk for having familial HLH and 
were referred for treatment by hematologists with etoposide and bone marrow 
transplantation and subsequently experienced a 50% mortality rate. All of the 
remaining children without these HLH risk factors had 5—6 organ failure hyperfer- 
ritinemic MOF with hepatobiliary dysfunction and DIC. The centers in one treat- 
ment cohort administered the HLH protocol of dexamethasone and/or etoposide 
along with daily plasma exchange and observed a 50% morality rate, whereas cen- 
ters in the other treatment cohort administered the less immune suppressive regimen 
of methylprednisolone and/or intravenous immune globulin (IVIG) with daily 
plasma exchange and observed a 0% mortality rate. MOF resolved as ferritin levels 
decreased to normal values. Similar to the excluded patients at high risk for familial 
HLH, in the etoposide and dexamethasone cohort without these risk factors, patients 
who did not resolve hyperferritinemic MOF died with uneradicated infection. The 
authors thought that these children likely died from too much immune suppression 
related to dexamethasone and etoposide. 

Because three of the clinical eight criteria (SCD25 levels, NK cytotoxicity, and 
hemophagocytosis) used to identify patients with hyperferritinemic HLH/MAS/ 
sepsis-induced MODS are not easily accessible tests, rheumatologists have sought 
to redefine MAS/2° HLH using organ dysfunction patterns that use more readily 
available laboratory tests. Ravelli and colleagues have provided a consensus state- 
ment defining MAS in any child with known systemic juvenile arthritis (sJIA) who 
presents with fever and a ferritin > 684 ng/mL with any two of the following: plate- 
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let count< 181K, ALT> 48 IU/L, triglycerides > 156 mg/dL, and fibrinogen < 360 mg/ 
dL [35]. The authors suggest that these criteria should allow patients to be eligible 
for early immunomodulatory clinical trials. 

In this regard, Shakoory and colleagues considered the combination Hepatobiliary 
dysfunction and Disseminated Intravascular Coagulation (DIC) as representative 
of features of MAS in adults with severe sepsis [36]. They hypothesized that if the 
combination of these two organ dysfunctions represents MAS/2° HLH then a spe- 
cific treatment approach with IL-1 receptor antagonist protein should improve 
sepsis-related MAS as it does in the previously mentioned experimental model and 
in children with sJIA related MAS. In a secondary analysis of an adult severe sepsis 
IL-1 receptor antagonist protein trial they compared patients with combined 
Hepatobiliary dysfunction (HBD) and DIC (HBD + DIC) to those without this com- 
bination (non-HBD + DIC) and found the following: (1) Only 5.6% of severe sepsis 
patients had these features of MAS (HBD + DIC), (2) patients with these features of 
MAS had higher incidence of shock (HBD + DIC = 95% vs. non-HBD + DIC =79%), 
and acute kidney injury (HBD + DIC = 61% vs. non-HBD + DIC = 29%), but not 
acute respiratory distress syndrome (HBD + DIC = 21% vs. non-HBD + DIC = 26%), 
and (3) although IL-1 receptor antagonist protein had no effect on non-HBD + DIC 
28 day survival (IL-1 blockade = 71% vs. placebo 71%) it significantly increased 
HBD + DIC 28 day survival (IL-1 blockade = 65.4% vs. placebo 35%). If 
HBD + DIC is indeed reflective of MAS/2° HLH, then we can conclude that though 
the condition is rare and associated with a high incidence of MODS and death, it is 
remediable in part by IL-1 receptor antagonist protein. More recently Hellenic and 
Swedish investigators have defined these adult patients as having sepsis with mac- 
rophage activation like syndrome (MALS) with the degree of hyperferritinemia 
(>4400 ng/mL) being most predictive of mortality [37]. They concurred that hyper- 
ferritinemia, hepatobiliary dysfunction, and disseminated intravascular coagula- 
tion can feasibly identify patients with MAS/2° HLH/sepsis-induced MOF for 
“early clinical trials” of inflammation modulating therapies. 


Varied NK Cell Pathobiology Leading to Macrophage 
Activation 


The eight clinical criteria used to describe the constellation of symptoms and signs 
indicative of these syndromes are considered to be biomarkers of a state of uncon- 
trolled inflammation. The natural killer (NK) cell is among the most important “cel- 
lular” controllers of inflammation. Uncontrolled inflammation can be due in part to 
ineffective NK cell and CD8 T cell cytolytic function. Defects or deficiencies in the 
ability of the NK cell to kill viruses and cancer cells, and to turn off the host reticu- 
loendothelial system, and macrophage, dendritic cell, and lymphocyte activation 
can be related to one of three conditions: (1) absent NK cell cytolytic activity unre- 
lated to numbers of NK cells present (HLH treated by hematologists), (2) reduced 
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NK cell cytolytic activity unrelated to numbers of NK cells present (MAS treated by 
rheumatologists), and (3) normal NK cell cytolytic activity per cell but NK cell 
cytopenia (sepsis-induced hyperferritinemic MOF treated by intensivists and infec- 
tious disease specialists) [38, 39]. 

Familial HLH can be considered as a group of inherited homozygous gene vari- 
ant primary immune deficiency diseases characterized by absence of crucial compo- 
nents of the perforin-granzyme pathway needed for NK cells and CD8 T cells to kill 
virus infected cells, and induce apoptosis in cancer cells and host inflammatory 
cells. A perforin gene knockout model for this pathway results in murine HLH and 
death after infection with LCMV infection at a dose which is innocuous in wild- 
type mice. Etoposide cures these mice by eliminating activated host T cells. In the 
wild-type mouse exposed to LCMV infection, host NK and T cells respond to con- 
trol the virus. In the perforin knockout mouse LCMV infection results in T cell 
proliferation and activation which overproduces IFN-y reflected by very high levels 
of CXCL9 (the monokine induced by gamma interferon). IFN-y induces macro- 
phage activation and organ injury. Etoposide destruction of proliferating activated T 
cells reduces IFN-y production, prevents undue macrophage activation, and reverses 
organ failure. The US FDA has approved IFN-y monoclonal antibody therapy for 
this condition in humans. 

Rheumatology and drug related MAS patients are less likely driven by gene vari- 
ant conditions. Nevertheless, some sJIA patients are hypomorphic or heterozygotes 
for the perforin-granzyme pathway gene variants. As heterozygotes these patients 
have some decreased NK cell cytolytic activity. For the most part these patients 
respond nicely to anti-inflammatory therapies such as corticosteroids or anakinra 
(IL-1 receptor antagonist protein). A group of rheumatologic MAS patients with 
cryopyrin-associated periodic syndromes has autosomal gene variants in NLRP 
leading to increased inflammasome activation that generates positive feedback IL-1 
and IL-18 production. The IL-1 receptor antagonist protein, anakinra is FDA 
approved for these inflammasome driven conditions. Because IL-18 is the IFN-y 
inducible factor there is optimism that IL18-BP (neutralizes IL-18) as well as IFN-y 
monoclonal antibody could help these patients. 

By contrast, hyperferritinemic sepsis-induced MOF is related to a reduction in 
NK cell numbers, not cytolytic activity per cell [38, 39]. When NK cell numbers 
recover, then inflammation and MODS resolve. During bacterial infection, NK 
cells switch from an overall low cytokine producing high cytolytic activity pheno- 
type to a high cytokine producing low cytolytic activity phenotype. In sepsis- 
induced MOF, lymphopenia with associated NK cell cytopenia and T cell cytopenia 
occurs with reticuloendothelial system activation but decreased to absent IFN-y 
production. When this reduction in NK cell and T cell numbers is below 10% of 
normal there is a significant decrease in host ability to kill viruses and cancer cells 
as well as to induce apoptosis in activated macrophages. Compared to HLH 
patients, these patients with sepsis-induced MOF have lower production of CXCL9 
because of lymphopenia. Because T cells and IFN-y production are already low to 
absent, etoposide is unlikely to be of benefit in reducing macrophage activation in 
these children. Indeed, etoposide may worsen outcomes in sepsis patients by pre- 
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venting recovery of lymphocyte counts needed to resolve infection. Compared to 
rheumatologic MAS patients, patients with sepsis-induced MOF have a much 
lower increase in IL-18 production (IFN-y inducing cytokine). The hoped for 
promise of IFN-y monoclonal antibodies in treating HLH and rheumatologic MAS 
is less likely to be realized in hyperferritinemic sepsis-induced MOF. Indeed, 
inability to produce IFN-y is associated with increased mortality in experimental 
models of sepsis [4, 9-15]. 


Management of Hyperferritinemic Sepsis 


The clinician is not uncommonly faced with bedside controversy over how to man- 
age patients with cytokine storm and hyperferritinemic MOF, a condition associated 
with increased mortality in critically ill children. In a review article in Pediatric 
Critical Care Medicine [40] Dr. Castillo and Dr. Carcillo showed that the alternate 
diagnoses of familial hemophagocytic lymphohistiocytosis (HLH) by hematolo- 
gists, rheumatological disease or drug-associated macrophage activation syndrome 
(MAS) by rheumatologists, or hyperferritinemic sepsis-induced MOF by intensiv- 
ists and infectious disease specialists are given to critically ill children who show at 
least five of eight inflammatory clinical criteria that include fever, hyperferritinemia 
(>500 ng/mL), hypertriglyceridemia/hypofibrinogenemia, two cell line cytopenia, 
splenomegaly, hemophagocytosis, elevated sCD25 (lymphocyte marker), and NK 
cell activity <10%. 

Each of these specialist groups uses different therapeutic strategies to treat these 
different syndromes. The hematologist generally prescribes etoposide and dexa- 
methasone for first episodes followed by interferon y monoclonal antibody and then 
if ineffective bone marrow transplantation for recurrent episodes. The rheumatolo- 
gist most commonly uses corticosteroids, and biologics such as anakinra (IL-1 
receptor antagonist protein) or tocilizumab (IL-6 antibody) among others. The 
intensivists and infectious disease specialists generally use source control as well as 
methylprednisolone, IVIG, plasma exchange, and IL-1 receptor antagonist protein 
[41]. In addition, rituximab (anti-CD20 monoclonal antibody) is used when the pro- 
cess is driven by EBV infection to reduce the B-lymphocyte reservoir for the DNA 
viral infection. 

In terms of monitoring systemic inflammation, macrophage activation syn- 
dromes can be followed at the bedside by tracking fever and measuring C-reactive 
protein and ferritin levels at least twice weekly. C-reactive protein (CRP) is a pattern 
recognition receptor made by the liver in response to bacterial infection or necrotic 
tissue. C-reactive protein binds to C-components of microbes or the externalized 
phosphatidyl choline moiety of necrotic cells, complexes with complement, and 
attaches to the CRP receptor on the macrophage for internalization, degradation, 
and presentation to the adaptive immune system. Ferritin is released by macro- 
phages in response to free hemoglobin and to DNA viremia. Hyperferritinemia 
occurs in iron overload states and can also be released by dying cells during necro- 
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sis. Mortality risk increases as the circulating levels of CRP and ferritin increase. 
The goal of therapy is to normalize CRP and ferritin levels [42, 43]. If CRP levels 
increase while ferritin levels decrease this is a harbinger of new or worsening infec- 
tion. This warrants attention to better source control and reduction in immune sup- 
pression (if being used). If ferritin does not come down or increases, then this 
suggest ongoing iron overload and or macrophage activation possibly associated 
with DNA viremia. Attention should be given to reducing hemolysis, quelling mac- 
rophage activation, and neutralizing DNA viremia. If, however, CRP rises and the 
ESR falls (a result of consumptive coagulopathy consuming fibrinogen—a driver of 
increased ESR), then this often indicates worsening MAS coagulopathy. 

The approach to use for hyperferritinemic sepsis-induced MODS is first and 
foremost source control and organ support. Empiric antibiotics are started within 
1 h. In previously healthy children and children with erythroderma, one must con- 
sider toxic shock from Group A streptococcus or Staphylococcus aureus. Antibiotics 
should include clindamycin to prevent toxin production and an antimicrobial drug 
which kills MRSA as well as Group A streptococcus. It is advisable to avoid line- 
zolid because hepatobiliary dysfunction reduces the safety window for this drug 
which becomes a host mitochondrial toxin when blood levels increase due to poor 
clearance. For immune suppression, corticosteroids (30 mg/kg per day of methyl- 
prednisolone x 3 days) are given along with IVIG (2 g/kg over 1—4 days). If the 
patients have AKI, thrombocytopenia and elevated LDH, consider daily plasma 
exchange 1% volume followed by 1 volume daily until ferritin levels decrease to 
less than 500 ng/mL. In addition, anakinra (2.5 mg/kg every 6 hIV/SC to maximum 
of 100 mg q 6 h) for 3 days is also helpful [43]. 
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Introduction 


Animal models are often essential for identifying and characterizing the mecha- 
nisms that underlie systemic diseases. Indeed, in vitro techniques cannot fully 
replace animal models. For hemophagocytic lymphohistiocytosis (HLH) and many 
other diseases caused by immune system defects, the mouse is the animal model of 
choice. On the one hand, the biology of laboratory mice is well known, an over- 
whelming number of experimental tools are available, and resources such as the 
Mouse Genome Database provide detailed information on genetically modified 
Strains used in research [1]. On the other hand, the use of inbred mice, inter-strain 
differences in the genetic background, and the specific settings of mouse experi- 
ments such as differences in water or microbiome between facilities must be borne 
in mind [2] when interpreting the results and when considering translational aspects 
of this type of research. 

Given that (1) primary HLH (pHLH) is a hereditary disease and (2) the underly- 
ing disease-causing gene mutations are known for most monogenic forms of pHLH 
(with the exception of familial HLH subtype 1, FHL1), murine models with defects 
in the corresponding genes are of great interest. There are several different strategies 
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for generating mice with a defect in a particular gene. Historically, mice with 
spontaneous mutations and interesting clinical phenotypes were inbred to generate 
disease models [3]. With the advent of sequencing techniques, the disease-causing 
mutations in murine models and patients could be identified. For mutations in the 
same gene, this enabled direct comparisons of disease induction, clinical symptoms 
and disease progression in humans vs. mice. Today, the mouse genome can be 
edited so as to introduce almost any imaginable genomic feature [4, 5]. The most 
common changes are selective gene modifications that prevent the expression of a 
given protein (1.e., complete, inducible or conditional gene knockout). Inducible 
knockouts are triggered by administration of an external stimulus, while conditional 
knockouts combine gene deletion with an endogenous promoter that is specific for 
a certain cell type and/or developmental time point. The introduction of a gene 
mutation identified in patients into the corresponding locus in mice is another option 
for studying the pathogenesis of a hereditary disease. After the assessment of pro- 
tein expression in vitro, this strategy is often chosen for cases in which the mutation 
allows the expression of a protein with modified functional or binding properties. 
Even the detailed characterization of gene mutations and their consequences on 
protein expression cannot replace an in vivo analysis of physiological effects in a 
complex biological system like the mouse. 

Murine orthologs are available for all known pHLH-causing genes in humans. 
Accordingly, the corresponding knockout mouse strains are available (Table 1). 
Although the human and murine immune systems are similar in many respects, one 
cannot expect a mouse to perfectly replicate a human disease [6]. In mice and 
humans, the genes coding for the perforin-dependent cytolytic machinery of T cells 
and NK cells (.e., proteins involved in vesicle loading, vesicle transport, vesicle fusion, 
and effector functions) are quite homologous. However, one striking difference 


Table 1 Murine models with pHLH-causing gene mutations 


Causative Commonly used strain Number of variants 

Disease | gene name(s) Main background | available 
FHLI | Unknown — — — 

FHL2 |PRFI Poi C57BL/6 14 
FHL3 | UNCI3D Jinx C57BL/6 2 

FHL4 |STX1I Stx11-^ C57BL/6 2 

FHL5S | STXBP2 Stxbp2—~ C57BL/6 2 

GS2 RAB27A Ashen C3H/HeSn, 9 

C57BL/6 

CHS LYST Beige/souris C57BL/6 24 

HPS2 | AP3BI Pearl B6.C3 18 

XLP1 | SH2DIA SAP~- 129S6 18 

XLP2 | XIAP XIAP B6.129S1 4 


The columns indicate the type of pHLH, the causative gene, the name of the most commonly used 
mutant mouse strain, the main genetic background, and the number of distinct mouse variants 
available. Source: the Mouse Genome Database [1] 
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between mice and humans with regard to the development of HLH is the need for 
an infectious trigger in mice. In humans, the need for an external trigger is subject 
to debate. Once HLH has been induced by infection in the mouse, the clinical and 
diagnostic hallmarks of the disease [7] are well recapitulated—as will be shown in 
the following sections. Ultimately, murine models of HLH are used to (1) confirm 
the disease-causing nature of mutations found in patients, (2) understand the dis- 
ease’s mechanisms and pathogenesis, and (3) test novel therapeutic approaches. Of 
course, ethical considerations of using animals for research must always to be con- 
sidered, and the possible development of treatment approaches in humans needs to 
be weighed against the animals’ suffering. However, given the complexity of HLH, 
the use of in vivo disease models is essential for making substantial progress. 


Genetic Defects in the Cytolytic Machinery: Murine Models 


For most genes encoding proteins critically involved in the cytolytic mechanism, 
several mouse strains with distinct genetic modifications are available. In this con- 
text, it is important to consider the strain’s genetic background because it may 
significantly influence the animal’s immune response [8, 9]. When compared with 
wild mice, inbred laboratory mice differ immunologically in terms of both low 
genetic variability and reduced exposure to antigens [2]. When deciding on which 
particular mouse strain to use in a given experiment, the Mouse Genome Database 
[1] and the International Mouse Strain Resource [10] often provide very helpful 
information, including links to the associated literature. In the following sections, 
the available murine models for pHLH will be presented for each known causative 
gene (Table 1). The HLH-like symptoms observed in each murine model are sum- 
marized in Table 2 [11]. 


The Prf1-~- Mouse (A Model of FHL2) 


The first report (in 1994) on this murine model (the perforin-deficient mouse, 
(C57BL/6-Prf1'™'S” or Prf1~") reported that lymphocytic choriomeningitis virus 
(LCMYV)-triggered immune disease led to death 13—16 days post-infection [12, 13]. 
The first description of perforin-mutant humans with pHLH confirmed that perforin- 
based effector systems are involved not only in the lysis of abnormal cells but also 
in the downregulation of immune activation in humans [14]. A careful, detailed 
description of the model’s clinical and histopathological features showed how well 
this murine disease corresponds to human pHLH [15]. Prf1~~ mice harbor a tar- 
geted mutation in the exon 3 of Prf1/, leading to a lack of protein expression and thus 
impaired T-cell cytotoxicity [12]. The mice are fertile, develop normally, and are not 
distinguishable from wild-type mice (other than for the drastically impaired cyto- 
toxic functions of T cells and NK cells). However, after LCMV infection 
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Prf1- mice develop overt HLH, fulfilling all the diagnostic HLH-criteria [7] around 
day 10 and succumbing before 14 days post infection [15]. But this is not the case 
for Prf1-~ mice with a BALB/C background, where the mice do not die, but LCMV 
clearance is delayed beyond 100 days post-infection [16]. The LCMV-infected 
Prf1~~ mouse has been extensively studied and could now be described as the “‘stan- 
dard” murine model of pHLH. 


The Discovery of Perforin-Dependent Cytotoxicity 


The study of perforin-deficient mouse strains has led to the discovery of several 
features of perforin-dependent cytotoxicity. In particular, it was found that (1) per- 
forin was required in cytotoxic T lymphocytes (CTLs), and (2) NK cell cytotoxicity 
was not mediated by Fas [12, 13, 17, 18]. Interestingly, Prf1-- Fas~~ double knock- 
out mice die early from macrophage expansion and severe pancreatitis; this is due 
to the T and NK cells’ inability to restrict immune responses by killing antigen- 
presenting cells (APCs) in a negative feedback loop [19]. Furthermore, tumor sur- 
veillance is limited in Prf1- mice [20], whereas Prf1- nonobese diabetic mice 
display a reduced incidence and delayed onset of diabetes [21]. 


Infections in Prf1-" Mice 


Prf1~~ mice show altered responses to other infections, in addition to LCMV. In 
fact, these mice are more susceptible to the natural pathogen ectromelia virus but 
less susceptible to cowpox virus [22]. The pathogenesis of corneal inflammation 
induced by herpes simplex virus type 1 is less severe in Prf1~/~ mice [23]. Although 
MCMV infection is lethal in Prf1~~ mice, this is not the case in granzyme A/B-- 
deficient mice [24]. During prolonged infections with Listeria monocytogenes, per- 
forin was seen to be important for the contraction of antigen-specific T cells [25]. In 
mice, CD8-mediated protection against Ebola virus infection was perforin- 
dependent [26]. Lastly, in an acute Epstein-Barr virus (EBV) infection model, 
Prf1~~ mice showed increased mortality [27]. 


CD8 T Cells Are Important 


The harmful effect of a lack of perforin is highlighted by the uncontrolled expansion 
of CD8 T cells after LCMV infection [15, 16, 28, 29]. This is attributed to the lack 
of a negative feedback loop mediated by the perforin-dependent elimination of 
antigen-presenting dendritic cells [30]. Consequently, the elimination of these den- 
dritic APCs by perforin-dependent CTLs was shown to protect against HLH [31]. 
The use of specific depleting antibodies has evidenced a key role of the perforin- 
deficient CD8 T cells in the pathogenesis of HLH [32]. In mixed bone-marrow 
chimeras, it was shown that a small fraction (10-20%) of perforin-expressing T 
cells is enough to restore immune regulation in Prfl~/~ mice [33]. Although this 
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information is important with regard to evaluating the likely success of bone 
marrow transplantation in pHLH patients, data from rodents cannot be extrapolated 
to humans. In addition to the percentage of chimerism, the decision to perform 
hematopoietic stem cell (HSC) transplantation in pHLH patients with mixed chime- 
rism must be based on an in-depth individual risk assessment and consideration of 
(1) the variability in the genetic causes of pHLH in patients, (2) the hypomorphic 
character of certain mutations, and (3) the difference in HLH-triggering thresholds 
between mice and humans. 


The Role of NK Cells 


While CD8 T cells appear to be the most important for HLH development in Prf1~~ 
mice, the role of NK cells is less clear—even though their cytotoxic activity is simi- 
larly impaired. It has been demonstrated that CD8 T cell expansion after infection 
can be controlled by NK-cell-mediated killing in a perforin-dependent manner 
[34-36]. Perforin-dependent killing of cognate CD8 T cells by immature dendritic 
cells also occurs [37]. A series of elegant experiments has shown that NK cells with 
functional cytotoxic activity limit the HLH-like immunopathology in mice with 
perforin-deficient CD8 T cells by reducing T cell activation and the tissue infiltra- 
tion of macrophages. In contrast, mice with Prf1-^- NK cells and functional CD8 
T cells show transient lymphocytosis [38]. A stronger T cell response and more 
effective viral clearance occur in the absence of NK cells or in the presence of 
defective NK cells [35, 39]. Interestingly, NK cell expansion during viral infection 
is promoted by type I interferons (IFNs), which protect NK cells from fratricide 
[40]. Furthermore, type I IFNs were identified as key players in protecting activated 
CD8 T cells from NK cell attacks [41, 42]. 


Cytokines and Signaling 


A fulminant cytokine storm (characterized mainly by elevated serum levels of IFNy, 
TNF, IL-6, and IL-18) is the main driver of HLH progression in perforin-deficient 
mice [15], with an increased synapse time due to defective killing allowing for pro- 
longed cytokine secretion by CTLs and NK cells [43]. The use of specific antibodies 
for prophylactic and therapeutic neutralization of IFNy in Prfl~~ mice increased 
survival and decreased HLH-related symptoms [16, 32, 44, 45]—highlighting the 
importance of IFNy for the development of HLH. Other important cytokines and 
signaling pathways highlighted in the Prf1~’~ mouse are IL-33, IL-2 and JAK1/2. 
In LCMV-infected Prf1~~ mice, blockade of the IL-33 receptor ST2 reduced disease 
severity [46], whereas IL-2 consumption by activated CD8 T cells may have 
induced dysfunction of regulatory T cells [47]. Treatment of LCMV-infected 
Prf1-/~ mice with the JAK 1/2 inhibitor ruxolitinib increased survival, lowered both 
TNF and IL-6 levels and generally reduced HLH severity [48, 49]. 
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The Jinx Mouse (A Model of FHL3) 


The Jinx mouse was first described in an N-ethyl-N-nitrosourea screen for mutations 
causing susceptibility to murine cytomegalovirus (MCMV) [50]. In 2007, the Jinx 
mouse was proposed as a HLH model; it harbors a mutation in the Unc/ 3d gene and 
causes Munc13-4 to terminate at amino acid 859 [51], leading to a degranulation 
defect in T cells and NK cells. Although uninfected mice appear to be healthy and 
exhibit normal lymphocyte counts, they become severely ill after MCMV infection. 
Infection by MCMV is lethal for Jinx mice within a week, as also observed in the 
well-known MCMV-susceptible BALB/c wild-type strain. Interestingly, Jinx mice 
do not show the clinical symptoms and diagnostic criteria of HLH after infection 
with MCMV or by the intracellular bacterium Listeria monocytogenes. In contrast, 
infection with LCMV-Armstrong results in several features of HLH, such as anemia, 
thrombocytopenia, splenomegaly and increased serum IFN-gamma levels at days 8 
and 12. However, a detailed analysis of HLH progression and survival is currently 
lacking. After LCMV infection, abrogation of MyDS&& (but not Tnf or Itgb2) pre- 
vented the development of HLH—suggesting that MyD88 is a possible drug target 
[52]. The Jinx mouse was also instrumental in elucidating Munc13-4’s importance 
for phagosome maturation [53], late endosome maturation [54], the trafficking of 
Rab1 1-containing vesicles [55], and membrane fusion [56]. 


The Stx11~“ Mouse (A Model of FHLA) 


In 2013, several groups of researchers described the Stx11-deficient (Stx11~’~) mouse 


as an HLH model [57-59]. These mice are fertile, develop normally, and do not show 
any abnormalities in the size and composition of lymphoid organs or overt differences 
in cells of the immune system, relative to heterozygous littermates or wild-type mice. 
Stx11 (a member of the SNARE protein family) is a component of the cytotoxic 
machinery of T cells and NK cells, and is important for degranulation activity by 
mediating the fusion between cytotoxic vesicles and the plasma membrane. Given that 
Stx11 controls degranulation in CTLs and NK cells, Stx11-deficient CTLs and NK 
cells show impaired degranulation [57]. It is noteworthy that Stx11 expression is 
induced in many immune cells (notably by treatment with either lipopolysaccharide 
(LPS) or IFNy) [60-62]. Upon infection with LCMV, Stx11~" mice display all the 
clinical features of HLH (as seen in FHL4 patients), with hyperactive CD8 T cells as 
the driving force. In striking contrast to the situation in Prf1~~ mice, HLH is not fatal 
in the Stx11~~ mice. This less severe but chronic progression of HLH is characterized 
by low body weight, sustained splenomegaly, low white blood cell counts and low 
hemoglobin levels. In this context, the importance of T-cell exhaustion as a patho- 
physiological mechanism for determining HLH progression was shown by blocking 
inhibitory receptors on disease-inducing T cells; this blockade turned the nonfatal 
form of HLH into a fatal condition [58]. A distinct severity of HLH can be observed 
depending on the gene affected in the cytotoxic machinery [59]. 
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The Stxbp2~“- Mouse (A Model of FHL5) 


Although a Stxbp2 mutant mouse strain exists, it has not yet been analyzed for HLH 
development. This is probably due to the fact that Stxbp2~~ homozygous knockout 
mice are not viable, whereas heterozygous (Stxbp2*-) mice express Munc18b at 
approximately half the wild-type level and do not display obvious developmental 
abnormalities or reduced survival [63]. In mast cells, this heterozygous mutation 
decreases mucin secretion and reduces degranulation-dependent responses. The 
lethality of Stxbp2~~ mice indicates either that Munc18b has a more important role 
in mice or that the homozygous STXBP2 mutations observed in humans are hypo- 
morphic. It would be interesting to look at whether HLH can be triggered in 
Stxbp2* mice or in mice expressing either two recessive mutations in the Stxbp2 
gene or a dominant-negative mutation in the Stxbp2 gene known to be associated 
with human HLH [64]. 


The Ashen Mouse (A Model of GS2) 


As early as 1977, the ashen mutation (ash) was reported as being important for coat 
color (Fig. 1) [65]. However, it was only in 2000 that the coat color and vesicle 
transport defects were attributed to the ash mutation in the Rab27a gene [66]. 
Homozygous ash/ash mice do not express Rab27a in melanocytes and CTLs, and 
thus have impaired transport and degranulation of melanosomes and cytotoxic 





Fig. 1 An ashen mouse (below) and a wild-type mouse (above). The coat of the C57BL/6 mouse 
harboring a homozygous Rab27a ashen mutation is lighter than its CS7BL/6 wild-type littermate, 
due to defective melanosome exocytosis 
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granules, respectively [67]. Furthermore, ashen mice have prolonged bleeding times 
due to defects in dense granules in platelets; however, this effect depends on the 
mouse’s genetic background [68]. In 2008, mice with a C57BL/6-background and 
the ashen mutation in the Rab27a gene were shown to develop HLH when injected 
with LCMV—demonstrating that this ashen mouse can be used as a model of pHLH 
in human Griscelli syndrome type 2 (GS2) [69]. In both Prfl~~ and ashen mice, 
IFNy neutralization was able to suppress HLH [45]. Ashen mice are resistant to 
LPS-induced death; this is presumably due to less intense neutrophil infiltrates in 
the liver, relative to both wild-type and Jinx mice [70]. 


Beige and Souris Mice (Models of Chediak-Higashi Syndrome, 
CHS1) 


The link between beige mice and CHS1 was made as early as 1969 [71, 72], and an 
impairment in NK cytotoxicity was demonstrated 10 years later [73—75]. In 1996, 
the beige mutation and the disease-causing gene in CHS1 were mapped to the Lyst 
locus [76]. Beige mice show poor survival and develop honeycomb-like lesions in 
their lung tissue [77]. The beige mouse was first analyzed for HLH development in 
2011, and was compared with the souris mice (a mouse strain with a different muta- 
tion in the Lyst gene). After LCMV infection, beige mice controlled the virus and 
did not develop all the clinical features of HLH. In contrast, souris mice were unable 
to control the virus and met the diagnostic criteria for HLH. This finding was attrib- 
uted to slight differences in CTL cytotoxicity, with beige mice retaining more CTL 
function than souris mice [78]. B-cell receptor endocytosis is delayed in beige mice, 
which leads to a stronger memory response and higher plasma cell frequencies [79]. 
In beige mice, it was shown that Lyst specifically controls TLR3- and TLR4-induced 
endosomal signaling pathways—explaining the strain’s increased susceptibility to 
bacterial infections and decrease response to endotoxins [80]. 


The Pearl Mouse (A Model of HPS2) 


The pearl mutation was first described in 1953 as causing a specific coat color [65]. 
Pearl mice were also found to have visual defects and platelet storage pool deficien- 
cies. Both features are related to the AP-3 adaptor complex; the pearl mutation is 
caused by the insertion of a transposon into the Ap3b/ gene coding for one of the 
AP-3 subunits [81-85]. The pearl mouse’s life span is reduced, and no mice survive 
for more than 2 years [77]. Defects in vesicle and membrane protein trafficking were 
subsequently observed [86, 87]. Deficiencies in AP-3 in the pearl mouse interfere with 
the correct localization of murine CD1d, and thereby prevent the development of 
NKT cells [88]. Macrophages in the lungs of pearl mice are hyperresponsive to LPS, 
resulting in the increased secretion of inflammatory cytokines [89]. Platelet granule 
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secretion at sites of vascular injury is also impaired in pearl mice [90]. Pearl mice 
were first examined for the development of HLH in 2013; they met five of the eight 
diagnostic criteria by D8 post-LCMV infection [91]. However, the HLH was transient 
because the criteria were no longer fulfilled at D12 (Table 2) [91]. 


The SAP“ Mouse (A Model of X-Linked Lymphoproliferative 
Disease Type I, XLP1) 


The first SAP-deficient (SAP~’~) mice were developed in 2001 by targeting the 
Sh2dh1 gene locus. The SAP“ mice develop normally but show features of XLP, 
such as increased T cell activation and elevated IFNy secretion upon infection [92]. 
Furthermore, SAP-deficient T cells show impaired Th2 differentiation [93]. 
Interestingly, SAP~ mice almost fully lack virus-specific plasma cells and memory 
B cells because of a CD4+ T cell defect [94] that prevents the differentiation of fol- 
licular T helper cells; this may be a consequence of the missing SAP-mediated 
coupling of signals received from SLAM receptors to the Fyn effector [95, 96]. 
Thus, the low B cell count in SAP“ mice is due to a T-cell-dependent reduction in 
T-B cell interactions and a lack of germinal center reaction [97, 98]. Like XLP 
patients, SAP~’~ mice lack NKT cells [99-101]. Infection of SAP“ mice with 
murine gammaherpesvirus 68 (an EBV homolog) leads to increased CD8 T cell pro- 
liferation, lymphocyte infiltration, hemophagocytosis, hypogammaglobulinemia, 
and virus reactivation [102, 103]. Chronic LCMV infection leads to a severe immune 
disease mainly caused by CD8 T cells and hypogammaglobulinemia [103]. SAP was 
shown to (1) activate NK cells via Fyn and Vav-1 and (2) prevent the inhibitory 
phosphatase SHIP-1 from binding to SLAM receptors [104]. It was possible to 
correct the cellular and humoral defects of SAP“ mice using HSC gene therapy 
[105]. Restoring the reduced diacylglycerol signaling in SAP-deficient T cells by 
pharmacological inhibition of diacylglycerol kinase alpha can also prevent excessive 
CD8 T cell expansion and excessive IFNy production [106]. 


The XIAP~ Mouse (A Model of XLP2) 


The XIAP-deficient mouse (XIAP~-) was first described in 2001. It does not differ 
obviously from wild-type mice, other than for an upregulation of other inhibitor of 
apoptosis (IAP) family members (presumably to compensate for the lack of XIAP) 
[107]. However, the mammary gland is slow to develop in XIAP“ mice [108]. 
Upon infection with Listeria monocytogenes, XIAP“ mice have a higher bacterial 
burden in the spleen and liver 48 and 72 h post-infection, and the survival rate is 
abnormally low [109]. The lack of XIAP increases the sensitivity of murine cells to 
apoptotic stimuli [110, 111]. XIAP was further found to enable discrimination 
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between type I and type II FAS-induced apoptoses. As a consequence, XIAP 
mice succumbed to FASL-induced hepatitis more quickly than wild-type mice did 
[112]. Infection of XIAP~~ mice with Chlamydophila pneumonia dysregulated the 
immune response, with increased apoptosis in macrophages and a low CD8 T cell 
count [113]. XIAP-related apoptosis is also involved in regulating stem-cell- 
dependent wound healing [114] and caspase activity in degenerating axons [115]. 
In response to TNF, XIAP controls RIP3-dependent cell death and IL-1beta secre- 
tion, which contribute to hyperinflammation in the XIAP“ mouse [116]. Infection 
of XIAP mice with Shigella flexneri demonstrated an inefficient immune response, 
with bacterial propagation and tissue damage [117]. Infection of XIAP~~ mice with 
Candida albicans resulted in bacterial persistence, constantly elevated cytokine 
levels, and poor survival [118]. The activity of IAP family members can be inhibited 
by IAP antagonists. After infection with LCMV, the blockade of IAPs was shown to 
drastically limit virus-specific CD8 T cell expansion and differentiation—indicating 
a prominent role for IAPs in the survival of activated T cells. Interestingly, T cell 
expansion could be prevented by much lower doses of the IAP antagonist in XIAP~~ 
mice, which demonstrates the importance of XIAP in T cell survival during an 
ongoing immune response [119]. Rather than XIAP, cIAP2 is very important in 
enabling hepatitis B virus to persist in mouse hepatocytes because it attenuates TNF 
signaling and promotes hepatocyte survival [120]. Interestingly, XIAP“ mice learn 
more rapidly; this is thought to be due to the greater plasticity resulting from 
increased neural apoptosis [121]. Specifically reports on the development of HLH 
in XIAP“ mice are currently lacking. 


Induction of HLH in the Mouse (By Viruses and Other 
Agents) 


Although there is still debate as to whether HLH may arise spontaneously in humans, 
a trigger is typically required in murine models of this disease. LCMV strains have 
almost always been used for induction in murine models of pHLH. The one reported 
exception is for the perforin" DC-Fas“~ mice; antigen-presenting cells cannot be 
removed by perforin- or FAS-dependent killing, and the mice spontaneously develop 
HLH [122]. The reason for using LCMV as initial disease trigger is the overwhelm- 
ing CD8 T cell response that it induces [11]. However, as mentioned before, the 
genetic background of the inbred mouse strain is also an important factor, since per- 
forin-deficient BALB/c mice do not develop overt HLH after LCMV infection [16] 
(as observed in perforin-deficient C57BL/6 mice). Interestingly, previous vaccina- 
tion to LCMV leads to a high mortality in Prf1-- BALB/C mice [29]. This suggests 
that both the virus’s capability to stimulate IFNy secretion and the propensity of a 
given mouse strain to produce IFNy determine whether or not HLH develops 
[16, 29]. The quality and quantity of immune responses directed against LCMV are 
determined by both the invasiveness of the various LCMV strains and the infecting 
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dose, as demonstrated in Prf1~’~ and IFNy~~ mice [123]. Thus, the injected dose of 
LCMV needs to be experimentally adjusted to induce a CD8 T cell response high 
enough to trigger HLH but low enough to avoid elimination of the virus or T cell 
exhaustion. In a typical experimental setting, a 200 pfu dose of the LCMV-WE strain 
is used to trigger HLH in HLH-prone mice. 

The experimental procedure for modeling HLH in mice thus begins by injecting 
the animals with an appropriate dose of LCMV. After a week, the mice show the 
first symptoms of HLH, which increase in diversity and severity up until D12—D14, 
in most cases. Depending on the mutation, the mice then succumb to the hyperin- 
flammatory syndrome driven by activated T cells and macrophages. However, it is 
sometimes valuable to monitor the mice for more than 2 weeks, since they may 
recover and display a nonfatal but chronic progression of HLH (characterized by the 
disappearance of some of the HLH criteria but the absence of full recovery) [58]. 
Interestingly, the post-infection viral load does not correlate with the course of the 
disease [124]. This indicates that the immune system enters a self-sustaining activa- 
tion loop in which hyperactivation is not correlated with an increased or persistent 
pathogen burden in mice with impaired cytotoxicity [125]. 

Regarding the HLH trigger, observations in mice suggest that a viral infection 
is necessary to induce HLH. However, there are no reports that show the necessity 
of a viral trigger to develop HLH in humans. This may be due to the difficulty of 
virus detection by the time HLH is diagnosed or virus detection in general, and 
allows for speculations whether human HLH can arise spontaneously by a trigger 
other than a virus. 


Comparisons of Murine Models of HLH 


Although HLH-like symptoms can be induced in various mice with defects in genes 
underlying pHLH, the disease severity varies greatly from one affected gene to 
another. The same observations have been made in patients. It has also been shown 
that mice with heterozygous mutations in two or more disease-causing genes may 
also develop HLH [126]. This indicates that HLH development is not binary but is 
influenced by multiple factors—resulting in an individual probability of developing 
disease. This finding is also reflected by the influence of an inbred mutant strain’s 
genetic background on the development of HLH [29]. 

The severity and progression of HLH has been analyzed by studying murine 
models with defects in the various HLH-associated genes. Additionally, the combi- 
nation of different disease-causing mutations in the same mouse has enabled 
researchers to rank the impacts of several heterozygous mutations on the degranula- 
tion capacity of T cells and NK cells. Comparisons of several strains with mutations 
in the cytolytic machinery have shown the following hierarchy of HLH severity 
(beginning with the least severe): HPS2 < CHS < FHL4 < GS2 < FHL2 (Fig. 2) [59, 
91, 127]. The same severity gradient was also found in patients [127]. The severity 
of HLH correlates well with the residual cytolytic activity of the disease-inducing 
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Fig. 2 Comparisons of body weight in different HLH murine models. Mice were infected with 
LCMV and the body weight was recorded. The wild-type and PKO (Prf1~-) values are indicated 
for comparison’s sake in all graphs. Mouse strains and mutations: beige—LYST, pearl—AP3B1/, 
souris—LYST, ashen—Rab27A. Figure from [127] 


CD8 T cells (Fig. 3) [59, 127]. This difference in cytotoxicity also determines the 
susceptibility to development of HLH in souris and beige mice, which both harbor 
mutation in the Lyst gene. Impairment of T cell degranulation is greater in souris 
than in beige mice, causing LCMV infection to induce HLH in souris mice but not 
in beige mice [78]. While CXCL10 and IFNy levels were also shown to correlate 
with disease severity, the viral loads in the strains did not [59]. HLH susceptibility 
was further shown to be higher in mice harboring several heterozygous mutations in 
HLH-related genes. This was shown for combinations of heterozygous mutations in 
Prf1, Stx11, and Rab27a—none of which drives HLH-like disease as a single het- 
erozygous mutation. The HLH severity was shown to be Prf1~~ > Ash*’-, Prf1*”, 
Stx11*- > Ash*^, Prfl*~ > Ash*”, Stx11*~ [126]. The severity of HLH thus appears 
to be dependent on the combined effects of (1) the mutation on protein function and 
expression, (2) zygosity of the mutation, (3) additional mutation in genes involved 
in perforin-dependent cytotoxicity, (4) function of the mutated protein not only in 
cytotoxicity but also in antigen presentation and (5) the degree of interaction 
between gene products in such compound-heterozygous scenarios. 

Similarities between HLH murine models also help to raise hypotheses about 
common properties of all types of HLH. Based on observations in Prf1-^, GrzB~, 
beige, and Jinx mice, increased T-cell activation was shown to mainly be caused by 
increased presentation of viral antigens by APCs rather than cell-intrinsic effects 
[125]. However, other observed differences do not have mechanistic explanations. 
Ashen (Rab27a) and Jinx (Munc13-4) mice react differently to systemic LPS- 
induced inflammation. Ashen mice show lower mortality and lower plasma TNF- 
alpha levels than Jinx mice do [70]. Furthermore, bone marrow-derived mast cells 
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Fig. 3 The disease severity correlates with the cytolytic deficiency. Target cell lysis is shown for 
different effector—target ratios. The mouse strains are ordered by decreasing cytolytic activity. The 
wild-type and PKO (Prf1~’-) values are shown in all graphs for comparison’s sake. Mouse strains 
and mutations: beige—LYST, pearl—AP3B1/, souris—LYST, ashen—Rab27A. Figure from [127] 


from ashen mice show hypersecretion, while the same cells derived from Jinx mice 
show a secretory impairment [128]. Mice with cell-type-selective deficiencies of 
either Prf1 or Stx11 have been helpful in investigating the interplay between CTLs, 
NK cells, and macrophages. 

While experiments conducted in parallel can be easily interpreted, comparing 
experiments performed with HLH-model mice in different labs is more difficult. To 
this end, it is important for all experimental procedures to be recorded so that repro- 
duction at another site is possible. The main variables are the mouse strain, the virus 
strain, the viral load and mode of administration. Some variables (such as housing 
in different facilities and exposure to different environments) are impossible to 
reproduce but should be considered when interpreting the outcome of an experi- 
ment. Furthermore, the recorded experimental data should encompass as many of 
the HLH-2004 diagnostic criteria as possible (Table 2). This should facilitate the 
comparison of (1) different murine models and (2) murine data vs. patient data. 


HLH Therapy in Mice and Implications for Human Treatment 


Besides providing a better understanding of the mechanisms causing and sustaining 
the hyperinflammatory state in HLH, murine models are also instrumental for devel- 
oping therapeutic approaches (discussed in detail in chapter “Genetics of 
Macrophage Activation Syndrome in Systemic Juvenile Idiopathic Arthritis”). 

TNF blockade: In Prf1~~ mice infected with MCMV, TNF appeared to be the 
main driver of immunopathology; treatment with anti-TNF markedly reduced liver 
damage, while anti-IFNy was associated with only minor improvements [24]. 

IFNy blockade: Blocking IFNy in both ashen and Prf1~~ mice reduced HLH 
symptoms after LCMV infection. The Prfl1~/~ mice’s survival rate was higher, and 
CNS involvement in ashen mice was prevented [45, 69]. 
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IL-18 blockade: In Prf1~~ mice infected with MCMV, IL-18 blockade using 
IL-18BP decreased hemophagocytosis and reduced damage to the liver and spleen. 
Furthermore, CTLs and NK cells produced less IFNy and TNF [129]. 

IL-33/ST2 blockade: In LCMV infected Prf1-^ mice, blockade of the MyD88- 
dependent IL-33 receptor, ST2, improved both survival and reduced IFNy serum 
levels [46]. 

Etoposide mechanism: The therapeutic mechanism of etoposide (which was 
already being used to treat patients) was elucidated in a study of LCMV infected 
Prf1-^ mice, where it reduced the intensity of all the symptoms of HLH. Etoposide 
was shown to selectively delete activated T cells and thus suppress the production 
of inflammatory cytokines. Naïve and memory T cells, dendritic cells and macro- 
phages were not affected [130]. 

JAK1/2 inhibition: Treatment of LCMV-infected Prfl~/~ mice and ashen mice 
with the JAK1/2 inhibitor ruxolitinib increased survival of the Prf1-^ mice and 
reduced disease severity in both strains. CNS involvement in ashen mice was sig- 
nificantly reduced. Inhibition of JAKs was associated with reduced STAT1- 
dependent gene expression, limited CD8 T cell expansion and less cytokine secretion 
and did not affect perforin-dependent killing ability [48, 49]. 

Gene therapy: HSC gene transfer was able to correct the immunological mani- 
festations of the disease in perforin-deficient mice and in a murine model of XLP1. 
This encouraging data from murine studies has led to further work on clinically 
applicable strategies. An alternative approach is to correct defective T cells. This 
approach is safer than HSC gene therapy and may allow early control of HLH 
through gene-modified effector T cells. Both strategies are now in development, and 
thus gene therapy may soon enter clinical trials for certain forms of pHLH [131]. 


Outlook 


Murine models have been instrumental in learning about the genes involved in HLH 
and the mechanisms leading to the disease. However, murine models have their 
limitations, where the differences between mouse and human immune system com- 
plicate translational research. A main difference is the need for a trigger in mice but 
not (apparently) in humans. While selecting a suitable murine model may be 
straightforward for diseases with a known genetic cause, it is substantially more 
difficult for acquired diseases like as sporadic HLH (SHLH). Murine models of 
SHLH are discussed in the next chapter (“Murine Models of Secondary Cytokine 
Storm Syndromes”). 

An interesting current question is the relevance of heterozygous mutations in 
HLH-causing genes. Although several mutations in these genes allow HLH to be 
induced in mice, the impact of single heterozygous mutations and the possible influ- 
ence of mutations in genes not (yet) associated with HLH are still unclear. To 
address these questions and model human HLH more accurately, it may be neces- 
sary to introduce mutations found in patients into mice. The tools needed for these 
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modifications have been improved, and costs have fallen over recent years. Another 
interesting technology is the humanized mouse, in which human immune cells are 
engrafted in immunodeficient mice. This tool may further improve our ability to 
model complex human diseases like HLH in mice. 
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IRF Interferon-regulatory factor 

IVIG Intravenous immunoglobulins 

JAK Janus kinase 

KO Knockout 

LCMV Lymphocytic choriomeningitis virus 
LPS Lipopolysaccharide 

MAS Macrophage activation syndrome 
MCMV Mouse cytomegalovirus 

MHC Major histocompatibility complex 
MMP Matrix metalloproteinase 

NF-kB Nuclear factor kB 

NK cell Natural killer cell 

NOD Nonobese diabetic 

NRG NOD/RAG/IL2Ry" 

NSG NOD/SCID/IL-2Ry— 

PBMC Peripheral blood mononuclear cell 
pHLH Primary HLH 

PPAR Peroxisome proliferator activated receptor 
R Receptor 

RAG Recombination-activating gene 
RBC Red blood cell 

sCD25 Soluble CD25 

SCF Stem cell factor 

SCID Severe combined immunodeficient 
sHLH Secondary HLH 

sJIA Systemic juvenile idiopathic arthritis 
SLE Systemic lupus erythematosus 

STAT Signal transducer and activator of transcription 
Tg Transgenic 

Th T helper cell 

TLR Toll-like receptor 

TNF Tumor necrosis factor 

Treg Regulatory T cell 

WT Wild-type 

YFP Yellow fluorescent protein 
Introduction 


Hemophagocytic lymphohistiocytosis (HLH) is a rare and life-threatening immune- 
inflammatory disorder associated with high morbidity and increased mortality in 
children and adults. Two subtypes are distinguished on the basis of an underlying 
genetic predisposition. Animal models of primary HLH studying genetically engi- 
neered mice have provided important insights into the pathogenesis of HLH arising 
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in the context of cytotoxicity-related mutations [1—5]. Aberrant activation of CD8* 
T cells, massive secretion of pro-inflammatory IFN-y and impaired regulation of 
antigen presentation by dendritic cells compromise proper deflation and termination 
of immune responses, culminating into systemic hyperinflammation, hemophago- 
cytosis and a cytokine storm [1, 6—9]. Despite abundant clinical and laboratory 
similarities, the findings in these genetic models of primary HLH may not directly 
translate to secondary HLH, the latter arising on various backgrounds of infection, 
malignancy, autoimmune and autoinflammatory diseases, acquired immunodefi- 
ciency, and/or metabolic disorders [10], where cytotoxicity is not necessarily defi- 
cient and a genetic predisposition is not always evident. Considering the 
heterogeneity of triggering factors and underlying diseases in secondary HLH 
(SHLH), a large diversity of animal models is required to capture its complete dis- 
ease spectrum. Since 2001, almost 20 animal models have been published aiming to 
recapitulate the syndrome of secondary HLH (summarized in Table 1). This chapter 
highlights important findings in all models of sHLH, discusses their (dis)similarities 
and considers points of interest for future therapeutic strategies. HLH symptoms 
present in the different models are evaluated against the current existing diagnostic 
guidelines, that is, the HLH-2004 criteria [11] and the HScore, which is specifically 
used to calculate the probability of sHLH in patients [12] (Table 2). Table 3 sum- 
marizes important cytokines, chemokines, and cell types in the pathogenesis of the 
different animal models. 

In contrast to the mutant models of primary HLH (pHLH), models of sHLH in 
general reflect the lack of clear genetic predisposition in patients by using immu- 
nocompetent wild-type (WT) mice. One exception is the polygenic heterozygous 
mouse model of Sepulveda and colleagues [13], which can be positioned some- 
where on the blurring line between primary and secondary HLH. In the other 
models discussed within this chapter, cytotoxic defects are usually not inherent, 
although they may be observed resulting from the inflammatory cytokine 
environment. 


Animal Models of Secondary HLH 


Polygenic Heterozygous Cytotoxic Defects 


According to the classical concept, primary HLH is caused by homozygous or com- 
pound heterozygous monogenic defects, while secondary HLH was considered not 
to have a genetic background. During the last decade, however, heterozygous muta- 
tions in one, two, or more cytotoxicity-related genes have been reported in several 
patients with a diagnosis of secondary HLH. These observations sparked specula- 
tions about additive genetic effects, given that all pHLH-related genes play down- 
stream roles in the same cytotoxic pathway. It has been proposed that accumulation 
of polygenic monoallelic mutations in patients may generate a synergistic effect that 
partially impairs the cytotoxic function and will increase host susceptibility to HLH 
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[14-18]. This theory of polygenic inheritance was explored in a heterozygous 
mouse model that combined monoallelic mutations in Rab27a, Prfl and/or Stx//. 
While single heterozygous mice did not differ from WT mice, double or triple het- 
erozygous mice showed reduced lymphocyte cytotoxic function, delayed viral 
clearance and an increased risk to develop HLH-like features (summarized in 
Table 2), including hypercytokinemia (summarized in Table 3), following infection 
with the lymphocytic choriomeningitis virus (LCMV). The severity of the HLH 
syndrome was linked to the number and nature of affected genes and the resultant 
degree of cytotoxic impairment, with the infected polygenic heterozygous mice 
lying in between the spectrum of normal WT mice and homozygous mutant mice 
[13]. Thus, heterozygous mutations in two or more cytotoxicity-related genes may 
indeed contribute to the development of secondary HLH. 


Infection-Associated Secondary HLH 


Models of infection-associated secondary HLH have predominantly focused on 
virus-associated HLH, since viruses are considered the leading triggers of disease in 
both primary and secondary HLH [19]. One bacterial model of secondary HLH has 
also been described. 


Herpesvirus papio 


Epstein-Barr virus (EBV) is considered the predominant trigger of disease in 
patients with primary as well as secondary HLH. Due to strict species-specificity, 
EBV-induced sHLH cannot be studied in regular WT mice. As an alternative, a 
Japanese group published the first animal model of virus-associated secondary HLH 
in 2001 using Herpesvirus papio, a baboon y-herpesvirus biologically and geneti- 
cally closely related to EBV. This model was established in immunocompetent WT 
rabbits and remains the only existing rabbit model of HLH up to now. Inoculated 
rabbits displayed a fatal HLH syndrome (Table 2) with high levels of TNF-a. 
Interestingly, hemophagocytosis consisted mainly of red blood cell (RBC) uptake, 
mediated by the presence of anti-RBC-antibodies, a phenomenon that has been 
reported in a few cases of EBV-HLH and EBV-related infectious mononucleosis 
[20, 21]. After inoculation, the virus was detected in a mixture of cell types (CD4* 
and CD8* T cells, as well as B cells), partially resembling human EB V-HLH where 
the virus has been reported to be predominantly present in CD8* T cells [22, 23], or 
in B cells in patients with underlying X-linked lymphoproliferative disease [24]. 
The infected rabbits additionally developed T-cell lymphoproliferative disease and 
some of them showed emergence of lymphomas, making this model useful to study 
HLH in EBV-driven malignancies and the process of disease progression from acute 
EBV-related HLH to chronic EBV-associated lymphoma [25-28]. 
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Epstein-Barr Virus 


As Herpesvirus papio is an EBV-related virus, the rabbit model of EBV-HLH may 
contain elements that are not specific for EBV-induced pathology or miss elements 
specific to EBV-induced HLH. Therefore, humanized mouse models have been 
engineered, in which immunodeficient NOD/SCID/IL-2Ry~“~ (NSG) mice are 
engrafted with either human hematopoietic stem cells (HSCs) or patient-derived 
peripheral blood mononuclear cells (PBMCs) to approach the human immune sys- 
tem, allowing to study EBV infection in an in vivo model setting. 

In the first model, purified CD34* HSCs derived from healthy donor cord blood 
were transplanted to newborn NSG mice. Following reconstitution of the human- 
ized immune system, mice were infected with EBV, after which they developed an 
HLH-like syndrome (Table 2), accompanied by high levels of IFN-y (Table 3). 
Again, hemophagocytosis consisted predominantly of erythrophagocytosis. In this 
model, EBV primarily infected B cells. No significant infection of T or NK cells 
was reported, in contrast to what is observed in patients suffering from EB V-induced 
HLH. Interestingly, heat-inactivated EBV virions did not induce HLH disease, 
while EBV DNA load correlated with disease severity, CD8* T cell activation and 
IFN-y production, designating productive viral replication as the driver of HLH 
pathology [29]. Age at the time of engraftment may also be a determining factor in 
this model, as older NSG mice tended to develop an EBV-related B cell proliferative 
disorder [30]. 

The second model utilizes adult NSG mice that are engrafted with PBMCs from 
patients with a severe EBV-related pathology (e.g., either EBV-induced HLH or 
chronic active EBV infection (CAEBV)). In this way, the composition of the 
reconstituted immune system closely resembled that of the donor patient. 
Interestingly, mice engrafted with PBMCs from HLH patients were distinguished 
by an intensified cytokine storm with higher levels of IFN-y and IL-8 (Table 3) and 
aggressive, more frequently fatal disease, compared to CAEBV-engrafted mice. 
Massive internal hemorrhages, indicative of severe coagulopathy, were only 
observed after engraftment of HLH-derived PBMCs. Nonetheless and despite a 
high viral load, other HLH-like features in these mice were limited or not reported 
(Table 2). Surprisingly, even though EBV was initially present in the CD8* T cell 
fraction of the patients’ PBMCs and remained present in T cells in peripheral 
blood, the majority of EBV-infected cells in the tissues of engrafted mice belonged 
to the B cell lineage, indicating the difficulty of studying EBV cellular tropism in 
a model setting [31]. 


Mouse Cytomegalovirus 


A recent mouse model of herpesvirus-associated secondary HLH does not rely on 
y-herpesviruses but on mouse cytomegalovirus (MCMV), the murine counterpart of 
human cytomegalovirus, a B-herpesvirus known to elicit HLH episodes particularly 
in immunocompromised hosts. Upon infection, immunocompetent WT BALB/c, 
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but not C57BL/6 mice, developed an acute and fatal HLH-like syndrome (Table 2), 
associated with immune hyperactivation and a severe cytokine storm (Table 3) [32]. 
This remarkable strain dependency is possibly linked to differences in the expres- 
sion of the activating receptor Ly49H, essential for adequate NK cell recognition of 
MCMV and efficient viral clearance, which is absent in BALB/c mice, resulting in 
high viral loads [33, 34]. Similar to the EBV model [29], lytic viral replication was 
essential for the induction of HLH, since UV inactivation or antibody-mediated 
neutralization of MCMV abrogated disease development [34]. In contrast to most 
models of pHLH, neither CD8* T cells nor IFN-y were required for disease patho- 
genesis in MCMV-infected BALB/c mice. IFN-y might even play a protective role 
herein, considering the aggravated phenotype and increased mortality in IFN-y- 
deficient mice [32]. This unexpected effect of IFN-y was not mediated by lack of the 
IFN-y-induced anti-inflammatory enzyme IDO1, as [DOl1-deficient mice were 
practically undistinguishable from WT BALB/c mice post-infection [35]. As 
MCMV-induced HLH could also be elicited in SCID mice, lacking functional T and 
B cells, this model is likely driven by innate rather than adaptive immune cells. In 
an attempt to unravel important innate disease mediators, neutrophils were depleted, 
however without profound effects on disease development or severity [36]. 


African Swine Fever Virus 


Infection of normal immunocompetent Landrace pigs with the African swine fever 
virus, a dsDNA hemorrhagic fever virus of the Asfarviridae family, recapitulates 
full-blown HLH to a large extent (Table 2). Active disease was associated with 
increasingly high viral titers and progressive elevation of multiple pro-inflammatory 
cytokines (Table 3). Hemophagocytes were shown to contain predominantly lym- 
phocytes and/or RBC [37, 38]. Further research in this animal model could provide 
interesting clues about the emergence of HLH in human infections with hemor- 
rhagic fever viruses such as Ebola, dengue, and Hantavirus [39—43], as the pigs 
presented with severe hemorrhaging in all investigated organs. Interestingly, cyto- 
kine antagonists that are currently administered in cases of secondary HLH might 
also be of use in hemorrhagic fever syndromes, according to evidence provided in a 
mouse model of Ebola infection. IL-1-receptor-antagonist was shown to protect 
against immune hyperactivation by modulating the cytokine storm during hemor- 
rhagic fever disease [44], similar to the therapeutic function of anakinra in cases of 
secondary HLH [45, 46]. 


Bacterial Infection: Salmonella enterica Typhimurium 


Upon oral infection of immunocompetent WT Sv129 mice with Salmonella enterica 
serotype Typhimurium, mimicking chronic typhoid fever in humans, a mostly non- 
fatal syndrome developed that was highly reminiscent of bacteria-induced second- 
ary HLH (Table 2). Notably, this model is unique in recapitulating the neurological 
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symptoms of secondary HLH, such as ataxia and movement disorder, which in 
severe cases was associated with death of the mice. Unfortunately, cytokine levels 
were not measured (Table 3). Hemophagocytosis was shown to be performed by 
alternatively activated, M2-type macrophages, engulfing predominantly non- 
apoptotic T cells, which is distinct from the previously discussed infection models 
emphasizing engulfment of RBCs. Similar to the viral models, HLH disease sever- 
ity was correlated with the organ bacterial load [47, 48], again indicating the impor- 
tance of a persistent infection in disease pathogenesis. 


Autoimmunity-Associated or Autoinflammation-Associated HLH 


Toll-like receptor (TLR) triggering has been utilized in a number of animal models 
to induce a hyperinflammatory syndrome reminiscent of HLH. The chronic or 
excessive stimulation of pathogen recognition receptors is thought to simulate 
ongoing antigenemia in the context of persistent infections or a continuous back- 
ground inflammation in the context of autoimmune and autoinflammatory diseases. 
Stimulation of TLR9 appears to be unique in inducing HLH in naive mice, without 
preexisting immune activation. TLR9 is activated by dsDNA and alerts the body of 
viral intruders such as EBV, CMV, or other Herpesviruses, key inducers of HLH in 
patients. Additionally, in autoimmune diseases such as SLE, in which HLH can 
occur as a complication, TLR9 is activated by pieces of self-DNA. Conversely, in 
mice with underlying chronic inflammation, stimulation of TLR4 was described as 
a potent trigger of HLH-like disease. TLR4 recognizes bacterial cell wall compo- 
nents such as lipopolysaccharide (LPS) to alert the body of bacterial pathogens. 
Involvement of TLR signaling in HLH pathogenesis has been suggested after 
reports of patients carrying mutations in interferon-regulatory factor 5 (IRF5) which 
is a downstream mediator in many TLR pathways, including TLR4 and TLR9 [49, 
50]. Additionally, IRF5 is a master transcription factor regulating the production of 
pro-inflammatory cytokines such as IL-6, IL-12, and TNF-a [51], all cytokines 
implicated in HLH. Therefore, it is no surprise that also animal models based on 
overexposure to cytokines, thus mimicking the overwhelming cytokine storm, are 
able to recapitulate HLH-like disease. Excessive inflammasome activation and 
resulting cytokine secretions have been demonstrated to underlie HLH pathogenesis 
in a subgroup of patients with autoinflammation [52, 53]. 


TLR9 Stimulation 
Chronic CpG Administration with/without IL-10 Receptor Blockade 
An extensively studied model of secondary HLH consists of repeated injections of 


unmethylated CpG into immunocompetent WT C57BL/6 mice, eliciting systemic 
and predominantly innate immune activation, sufficient to drive HLH-like disease 
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(Table 2) and initiate a cytokine storm (Table 3). Single-cell TLR9 tolerance was 
circumvented on the cell population level by the induction of extramedullary mono- 
cytopoiesis, creating a continuous peripheral source of newly produced CpG- 
responsive cells that allowed for ongoing TLR stimulation and sustained 
inflammation [54]. An ever renewing pool of innate immune cells thus appeared to 
drive TLR9-mediated disease. Indeed, adaptive immunity was of less importance as 
CD8* T cell activation was minimal and neither T, B, NK nor NKT cells played a 
pathogenic part in the model, highlighting an important difference with primary 
HLH. Neutralization experiments and the use of knockout mice designated IFN-y as 
a major pathogenic cytokine, while type I interferons, IL-12, or TNF-a had no 
essential effects on disease progression [55, 56]. IL-18 binding protein (IL-18BP) 
deficiency resulted in an aggravated HLH phenotype, with additional liver dysfunc- 
tion and increased IL-18 and IFN-y signature [57]. IL-10 on the other hand pro- 
tected against the so-called “fulminant HLH” since hemophagocytosis, worsening 
of the cytokine storm and death of the mice were only observed during IL-10 recep- 
tor blockade. The IL-10 blockade also revealed IL-10 as a modulator of the patho- 
genic effects of IFN-y since fulminant HLH developed largely independent of the 
latter, with the exception of anemia. Hemophagocytes during fulminant disease 
exhibited an M2-type transcription profile, indicative of alternative macrophage 
activation [55, 56, 58]. M2 macrophages express scavenger receptor CD163, which, 
together with serum levels of soluble CD163, has been described as a biomarker in 
patients with HLH [59, 60]. These alternatively activated macrophages are reported 
to fulfill important clean up and tissue remodeling functions, aiding regulation of 
immune responses [58]. Of note, a recent report also documented the occurrence of 
HLH-like disease in WT C57BL/6 mice following chronic administration of CpG in 
combination with IFN-y. However, IFN-y addition to the protocol did not result in 
aggravation of disease to a similar level as seen after IL-10 receptor blockade [61 ]. 


Chronic CpG Administration with p-Galactosamine 


Since the CpG-induced mouse model of secondary HLH 1s characterized by mild 
and nonlethal pathology, an addition to the protocol was introduced in order to 
increase disease severity and fatality, resembling human fulminant HLH (Tables 2 
and 3). To this end, repeated CpG injections were combined with D-galactosamine, 
a substance triggering hepatocyte apoptosis and TNF-« activation. In this model, the 
role of plasmin, an enzyme implicated in the fibrinolytic cascade, was examined 
[62]. In HLH, excessively activated macrophages produce plasminogen activator, 
augmenting the fibrinolytic process. In patients, presence of coagulation abnormali- 
ties has been associated with worse prognosis [63, 64]. Aside from degrading fibrin 
cloths, plasmin plays an abundant role in the inflammatory response by activating 
several matrix metalloproteases (MMPs), proteolytic enzymes that can catalyze 
TNF-a, sCD25, and sFasL cleavage and shedding, all factors found in HLH patients. 
In a direct way, plasmin also activates NF-«B signaling and thus production of 
inflammatory cytokines. Genetic deletion or pharmacological inhibition of the 
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plasmin active site saved the injected mice from lethal disease and decreased tissue 
destruction as well as cytokine levels. Conversely, administration of plasminogen 
activator shortened survival of the mice, increased organ damage and heightened 
cytokinemia. The pathogenic effects of plasmin were mediated via MMP activation 
since MMP9-deficient mice displayed lower mortality rates and reduced tissue 
damage. In conclusion, plasmin was shown to additively enhance TLR9 signaling 
by CpG, to mediate the tissue influx of inflammatory cells and to stimulate produc- 
tion of pro-inflammatory cytokines and chemokines. Surprisingly though, plasmin 
inhibition was not effective in the normal CpG-induced mouse model, indicating 
that the treatment is specific for advanced-stage HLH or CpG alone is not sufficient 
to induce relevant plasmin-associated pathology [62]. The relevance and applicabil- 
ity of these findings in the D-galactosamine model versus the regular CpG-induced 
model remain to be validated. 


Single Administration of High-Dose CpG 


An alternative model of TLR9-triggered secondary HLH utilizes a single high dose 
of CpG instead of chronic stimulation to initiate disease (Table 2). This resulted in 
a syndrome where CCL2 and IFN-a played a role by inducing hemophagocytosis 
(Table 3). Similar to the D-galactosamine model, hemophagocytes were observed 
even in the absence of IL-10 blockade. Moreover, hemophagocytes, identified as 
monocyte-derived dendritic cells having engulfed apoptotic RBCs, were a major 
source of IL-10 and blocking either hemophagocytosis or IL10 activity significantly 
increased tissue damage and mortality. This urged the authors to suggest a regula- 
tory role for hemophagocytosis in HLH, constituting a counteraction to temper 
hyperinflammation and perform important cleanup functions [65]. In this view, 
therapies directed against the hemophagocytic macrophages may not be indicated 
in SHLH. 


TLR4 Stimulation in an IL-6 Transgenic Background 


Secondary HLH can arise as a complication of many different rheumatic diseases, 
where it is often referred to as macrophage activation syndrome (MAS) [66]. Given 
that the inflammatory cytokine IL-6 is markedly increased in patients with rheu- 
matic diseases such as systemic juvenile idiopathic arthritis (sJIA), Still disease, 
rheumatoid arthritis and psoriatic arthritis, and is reportedly correlated with disease 
activity and severity of joint inflammation [67], a model of MAS was established in 
transgenic (Tg) mice that constitutively express high systemic levels of human IL-6. 
Naive IL-6Tg mice exhibited typical features of a chronic rheumatologic disease, 
including growth impairment, increased osteoclastogenesis and decreased osteo- 
blast activity, resulting in impaired skeletal development [68, 69]. Additionally, the 
chronic exposure to IL-6 increased the mice’s susceptibility to TLR stimulation. 
Upon administration of several TLR ligands, the mice responded with increased 
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fatality and elevated cytokinemia (Table 3), compared to WT mice. Solely following 
challenge with lipopolysaccharide (LPS), a TLR4 ligand, the mice developed a ful- 
minant MAS syndrome (Table 2) and additional elevation of IFN-y (Table 3) [70]. 
Expression of IFN-y-induced chemokines correlated with disease activity in the 
model [71], and neutralization experiments designated the cytokine as a major 
player in pathogenesis [72—74]. Continuous exposure to IL-6 also decreased the 
cytotoxic potential of murine NK cells as they showed lower perforin and granzyme 
B expression and diminished killing capacity towards tumor cells. This effect was 
confirmed in vitro on healthy NK cells as well as NK cells from patients with sHLH, 
where addition of tocilizumab, an anti-IL-6R antibody, restored perforin and gran- 
zyme B levels and rescued cytotoxic function [75], whereas addition of recombinant 
IL-6 worsened NK cell dysfunction [17]. These findings may explain the presence 
of cytotoxicity defects in some patients with sJIA and/or MAS [76-78]. Thus, pro- 
longed high levels of IL-6, as present in several autoimmune and autoinflammatory 
diseases, not only predispose to exaggerated immune-inflammatory responses but 
also reduce NK cell cytotoxic capacity, likely increasing vulnerability of patients to 
infections and facilitating the onset of HLH-like hyperinflammation [70, 75]. 


Murine sJIA with Subclinical MAS 


Another model of rheumatic disease that typically resembles sJIA was elicited in an 
IFN-y-deficient background, by a single subcutaneous injection with heat-killed 
Mycobacterium butyricum emulsified in complete Freund’s adjuvant (CFA). Aside 
from characteristic sJIA symptoms including arthritis, rash, and increased frequency 
of immature blood cell populations, the mice also developed some HLH-like fea- 
tures, reminiscent of the 10% of sJIA patients who develop fulminant MAS and the 
30-50% who suffer from subclinical MAS [60, 79] (Table 2). NK cell cytotoxicity 
was inherently defective in IFN-y-deficient mice, which may explain their suscepti- 
bility to HLH. This was partially confirmed by CFA injection of NK-cell depleted 
WT mice, which resulted in an incomplete sJIA syndrome, assigning a regulatory 
role to functionally competent NK cells in this model. Instead of IFN-y, IL-17 played 
the dominant pathogenic part in this model, since preventive treatment of the CFA- 
injected mice with anti-[L12/IL-23p40 or anti-IL-17 antibodies inhibited emergence 
of most sJIA/MAS symptoms (Table 3) [80]. Innate yô T cells and CD4* T cells were 
the main sources of IL-17 and probably contribute to disease pathogenesis [80, 81]. 


Excessive Cytokine Exposure 
IL-4 
The first report of chronic cytokine exposure as a model for secondary HLH 


appeared following research into novel pathways that could instigate tissue macro- 
phage accumulation and hemophagocytosis. High and sustained systemic levels of 
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IL-4, achieved via infusion of recombinant IL-4 with subcutaneous osmotic pumps, 
injections with IL-4/anti-[L-4 immune complexes or the use of IL-4-overexpressing 
transgenic mice, resulted in an acute hemophagocytic syndrome (Table 2) and 
increased cytokinemia (Table 3) [82]. The findings are quite remarkable considering 
that IL-4 is not often elevated in patients’ sera. Both in adults and children a Thl- 
oriented cytokine profile dominates over Th2-associated cytokines [83—86]. 
Nonetheless, IL-4 appeared to be unique in its action since high systemic concentra- 
tions of IL-13, another Th2-associated cytokine, did not mediate similar effects. 
Unlike primary HLH, [L-4-induced secondary HLH was not dependent on T cells 
or IFN-y, since the syndrome was undiminished in Rag2~~ mice and following 
IFN-y neutralization. Active hemophagocytes showed a pattern of alternative mac- 
rophage activation and predominantly consumed RBC, consistent with other animal 
models of secondary HLH [82]. 


IL-6 


A major role for IL-6 in the pathogenesis of sHLH was highlighted by the IL-6Tg 
mouse model of Strippoli and colleagues [75, 87], discussed in section “TLR4 
Stimulation in an IL-6 Transgenic Background”. Mimicking an inflammatory envi- 
ronment with chronically elevated levels of IL-6, this model showed how back- 
ground inflammation in autoimmune or autoinflammatory diseases can exaggerate 
responses to TLR stimulation and can directly reduce the cytotoxic capacity of NK 
cells, predisposing to development of hyperinflammation and HLH-like disease. 


IFN-y 


Excessive levels of IFN-y have been notoriously implicated in primary HLH patho- 
genesis, and are also often observed in secondary HLH. The effects of this cytokine 
were examined in vivo in two different models, applying either sterile IFN-y infu- 
sion via implanted osmotic pumps or using transgenic mice. 

Chronic administration of IFN-y in mice, at physiologically relevant levels simi- 
lar to those observed in infections, resulted in the development of hemophagocyto- 
sis and acute pancytopenia (Table 2), although no other HLH-like symptoms were 
described. The process of hemophagocytosis was reliant on the direct action of 
IFN-y on macrophages, functioning in a STATI- and [RFl-dependent manner. 
RBCs, neutrophils and other nucleated cells were taken up by F4/80* macrophages 
using a mechanism described as macropinocytosis, bearing resemblance to apop- 
totic cell uptake [88]. In another report, the so-called “Yeti” YFP-IFN-y reporter 
mice were found to spontaneously develop a lethal HLH-like autoinflammatory 
syndrome mediated by off-target systemic overexpression of IFN-y (Table 2). 
Additive genetic effects were present as two copies of the mutant allele exacerbated 
multiorgan inflammation and myeloproliferative disease. The syndrome was ame- 
liorated in mice deficient for the canonical Th1 lineage-committing transcription 
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factor Tbet, indicating that Th1 cells could play a role in the observed pathology 
[89]. Although not described in Yeti mice, constitutive expression of IFN-y in the 
bone marrow of another transgenic mouse line resulted in increased TNF-a pro- 
duction as well as impaired NK cell differentiation, causing severely decreased NK 
cell numbers but not cytotoxicity [90], aspects that could contribute to HLH 
susceptibility. 

Together, these models illustrate how hemophagocytosis and other cardinal fea- 
tures of HLH can be mediated in a direct manner by high levels of IFN-y. 
Nonetheless, a more diverse cytokine storm appears necessary to induce a more 
complete spectrum of HLH. 


IL-3, SCF, and GM-CSF 


Abundant presence of innate immune stimulating cytokines can also underlie HLH- 
like disease. NOD/SCID/IL2Ry™" (NSG) and NOD/RAG/IL2Ry™" (NRG) mice 
were genetically engineered to express human stem cell factor (SCF), IL-3, and 
GM-CSF to enhance human myeloid cell engraftment following umbilical cord 
blood transplantation. However, the continuous systemic exposure to SCF, IL-3 and 
GM-CSF caused the mice to spontaneously develop a fatal inflammatory disease 
with a high degree of similarity to human HLH (Table 2). Many cytokines were 
elevated during active disease, although not in all mice (Table 3). Treatment with 
dexamethasone or intravenous immunoglobulins (IVIG) was not adequate to ame- 
liorate disease. Depletion of T cells with the OKT3 antibody, depletion of B cells 
using rituximab, or combined B and T depletion could not rescue the mice from 
fatal disease either, providing evidence for a lymphocyte-independent pathway of 
pathogenesis, similar to the chronic CpG model and MCMV-induced sHLH. On the 
other hand, targeting myeloid cell populations with anti-CD33-antibodies (Mylotarg) 
led to complete recovery of the mice, indicating an innate mechanism of disease. 
Additionally, targeting IL-6 with tocilizumab slowed down disease progression and 
increased survival, but could not completely reverse disease, suggesting a partial 
pathogenic role for IL-6. Interestingly, HLH-like disease only developed in trans- 
genic NSG and NRG mice, not in NOD/SCID mice retaining the common y chain 
and thus, proper NK cell function [91]. The authors speculated that functional NK 
cells may be sufficient to limit myeloproliferation and disease in this model similar 
to the bone marrow chimeric model of primary HLH [9], where competent cyto- 
toxic NK cells in T’’”~“"NK?""** mice were sufficient to limit T cell proliferation 
and HLH development. 


Overexpression of Hypoxia-Related Factors 
Inflammatory disease states are often characterized by tissue hypoxia and/or stabi- 


lization of hypoxia-dependent transcription factors, such as hypoxia-inducible fac- 
tor | (HIF-1) [92]. This molecule has previously been implicated in cancer, sepsis, 
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and rheumatoid arthritis, among others, but recent microarray data also showed a 
HIF-1A-related disease signature in patients with primary HLH and sJIA [93, 94]. 
Furthermore, HIF-1A protein levels are increased in murine CpG-induced second- 
ary HLH and in LCMV-infected perforin-deficient mice [94]. As HIF-1 is a known 
activator of NF-«B, it may contribute to hypercytokinemia and increased sensitivity 
to infections [92, 93]. A novel transgenic mouse model of secondary HLH explores 
this pathogenic pathway by inducing cell-specific overexpression of HIF1A/ARNT 
in hematopoietic cells, leading to a fatal HLH-like phenotype (Table 2). Interestingly, 
overexpression of HIF in all hematopoietic cells was strictly necessary as overex- 
pression limited to macrophages, NK cells or mature T cells did not incite disease. 
Development of the HLH syndrome was thought to be linked to NK cell impair- 
ment, since the number of total and mature NK cells underwent a sharp decline 
during active disease, although degranulation appeared normal. In contrast to the 
alternative activation phenotype reported in most mouse models of secondary HLH, 
macrophages with HIF1A/ARNT overexpression showed a classical M1-type acti- 
vation pattern and no hemophagocytosis was detected. Notably, Rag/-deficient 
mice were not protected from lethal HLH disease, indicating that T and B cells were 
dispensable and non-lymphoid cells are sufficient for disease pathogenesis. 
Likewise, IFN-y-ligand or -receptor deficient mice still displayed fulminant HLH, 
appointing no pathogenic role to IFN-y in this model (Table 3) [94]. Solely anemia 
appeared to be partially mediated by IFN-y, paralleling observations in CpG- 
induced murine secondary HLH [56, 94]. 


Metabolic Disorder-Associated Secondary HLH 


The enzyme asparaginyl endopeptidase or legumain is a lysosomal cysteine endo- 
peptidase known to play a role in the processing of antigens for MHC class II pre- 
sentation, and in the regulation of innate immune responses via its participation in 
the maturation and signaling of TLR-3, -7 and -9 [95]. Inhibition of legumain in 
human cells can enhance the presentation of certain T cell epitopes [96], creating a 
possible link with the pathogenic effects of persistent antigen presentation in pri- 
mary HLH [6]. Although there are no reports of patients carrying this deficiency, 
mice lacking legumain were found to spontaneously develop an HLH-like syn- 
drome (Table 2), complete with decreased NK cell cytotoxicity, even though these 
mice do not carry mutations in cytotoxic genes. Hemophagocytes were identified as 
macrophages predominantly engulfing RBCs. The HLH-like symptoms progressed 
slowly and were age-dependent, increasing in severity over time, but no mortality 
was reported. Surprisingly, no cytokine storm was detected. Out of five examined 
cytokines, only TNF-« was increased in a small subset of mice (Table 3) [97]. This 
intriguing animal model suggests that legumain may play a previously unexplored 
role in HLH, which may aid to identify novel cellular pathways involved in HLH 
pathogenesis. 
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Cell Types and Cytokines Involved in Secondary HLH 
Pathogenesis 


The animal models described above have each provided valuable insights into the 
contribution of different cell types and cytokines to the pathogenesis of secondary 
HLH. 


Cell Types 


Historically, cell types such as T cells, NK cells, and macrophages (hemophago- 
cytes) have been hypothesized to be involved in the development of sHLH. 

CD8* T cells play a dominant part in primary HLH animal models [1, 5, 6], how- 
ever this does not appear to extrapolate to all models of secondary HLH. Although 
CD8* T cells were markedly activated in the models of virus-associated secondary 
HLH [13, 25, 29, 32], they were only marginally activated in CpG-induced second- 
ary HLH. Moreover, in vivo depletion of CD8*, CD4*, and CD3* T cells or general 
absence of T cells in Rag-deficient or SCID mice did not alter disease development 
in the secondary HLH models, indicating no major pathogenic involvement of this 
cell type (Table 3) [32, 36, 55, 82, 91, 94]. Thus, T cell contribution to secondary 
HLH pathogenesis appears to be minor and distinct from its central role in primary 
HLH. These data confirm recent observations in a large cohort of HLH patients, in 
which the degree of CD8* and CD4* T cell activation was found to be distinctive 
between primary and secondary HLH [98, 99]. T cell populations were significantly 
activated and differentiated into effector cells in patients with primary HLH, while 
this signature was mostly absent in patients with secondary HLH. T cell activation 
in virus-associated secondary HLH was situated in between the spectrum from non- 
virus-associated secondary HLH to primary HLH [98], in line with the animal data 
presented in this review. 

Models of primary HLH have pointed out that NK cells are essential to limit the 
expansion of pathogenic, cytokine-producing CD8* T cells. This regulatory role 
requires functional NK cell cytotoxicity, to adequately restrain autologous activated 
T cells [9]. In contrast to primary HLH, not all patients with secondary HLH exhibit 
impaired NK cell cytotoxicity. This deficiency is reportedly acquired instead of 
inherited in approximately 22% of sHLH patients [100]. Of all sHLH animal mod- 
els, six examined NK cell cytotoxic function and five confirmed decreases herein 
[13, 38, 75, 80, 97], while in three other models, the number of NK cells was signifi- 
cantly reduced during active disease (Table 2) [29, 32, 94]. In vivo depletion of NK 
cells did not alter disease development in CpG-mediated secondary HLH [55], 
while it slightly worsened CFA-induced MAS (Table 3) [80]. In the innate cytokine- 
overexpressing humanized NSG mice, disease did not develop when functional NK 
cells were present [91]. As a whole, according to a number of animal models, NK 
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cells may also exert a protective function in secondary HLH, opening perspectives 
for future research on NK cell-stimulating treatments. 

Hemophagocytosis, the process from which HLH derives its name, has been 
thoroughly studied in many animal models. Nonetheless, the involvement of hemo- 
phagocytes in the disease process remains to be elucidated. Reports in primary HLH 
assign a pathogenic role to them, mediating the development of cytopenias [88], 
while evidence in some models of secondary HLH points towards an anti- 
inflammatory function, in reaction and proportionate to the degree of hyperinflam- 
mation [48, 58, 65, 82]. In some models of secondary HLH, hemophagocytosis and 
development of cytopenia appear to constitute two distinct processes, as both symp- 
toms can occur independent of one another. Mice with secondary HLH may display 
hemophagocytosis in the absence of anemia [56], or can present with pancytopenia 
in the absence of hemophagocytosis [55, 70]. Different cell types have been identi- 
fied as hemophagocytes in different models, ranging from F4/80* CD68* macro- 
phages [48, 82, 97] to monocyte-derived dendritic cells [48, 65]. Most 
hemophagocytes were reported to exhibit an alternatively activated or M2 pheno- 
type, expressing scavenging receptor CD163 [48, 58, 82], similar to what has been 
observed in HLH patients [58, 59]. This scavenging receptor plays a role in the 
uptake of hemoglobin—haptoglobin complexes, upregulation of heme-oxygenase- | 
and thus reduction of oxidative stress and tissue damage during inflammatory 
responses. For this reason, M2 macrophages are mostly considered as anti- 
inflammatory mediators [65]. Conversely in HIFIA-associated secondary HLH, 
only type 1-polarized, classically activated macrophages were detected [94]. The 
different animal models also reported a variety of target cells being phagocytosed. 
Most models describe the predominant uptake of RBCs, sometimes apoptotic RBCs 
or coated with anti-RBC-antibodies [25, 29, 38, 65, 82, 97], while a limited number 
of models also detected engulfment of nucleated cells, such as non-apoptotic T 
cells, lymphocytes, or granulocytes [32, 38, 48, 65, 88]. Although hemophagocyto- 
sis most likely constitutes an anti-inflammatory countermeasure [58, 65], other sub- 
populations of myeloid cells may still contribute to disease pathogenesis. General 
targeting of CD33* myeloid cells in the innate cytokine-overexpressing humanized 
NSG mouse model was effective to rescue the mice from fatal HLH disease, indicat- 
ing involvement of innate, myeloid cells [91]. Future research in secondary HLH 
should include the study of specific subsets of myeloid cells to gain further insights 
into this matter. 

Lastly, in EB V-associated sHLH, targeting B cells with rituximab, an anti-CD20- 
antibody, is an efficient means to eliminate infected cells and decrease the viral load 
[10, 11, 101, 102]. Rituximab has also been tested in the innate cytokine- 
overexpressing humanized NSG mouse model, without success [91], indicating that 
the not all subtypes of sHLH will benefit from B cell depletion. The use of ritux- 
imab is probably limited to sHLH in association with aggressive infectious agents 
that have a B-cell tropism, foremost in EBV-induced X-linked lymphoproliferative 
disorders. 
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In the complex cytokine storm associated with HLH pathology, many different che- 
mokines and cytokines are abundantly expressed in peripheral blood, and tissues, 
documented in several animal models [32, 71, 72, 103]. The mixture of inflamma- 
tory cytokines is considered the core feature of HLH pathology, yet the composition 
differs between models (Table 3). Experiments in primary and secondary HLH 
models have demonstrated that broad inhibition of cytokine effector pathways, 
using either JAK 1/2 inhibitors or inhibitors of NF-«B-signaling, is effective to treat 
disease [104—106]. 

Regarding individual cytokines, there may be many different pathways ulti- 
mately converging into the final cytokine storm of HLH. IFN-y has long been per- 
ceived as the dominant pathogenic cytokine, particularly in primary HLH [1, 8], 
supporting the development and current clinical testing of IFN-y-targeting antibod- 
ies. Nevertheless, recent advancements in the field have demonstrated that even 
primary HLH can develop in the absence of IFN-y [107]. Similarly, secondary HLH 
most likely comprises different subsets of patients in which IFN-y may play a major 
or minor pathogenic part [108]. This is reflected in diverse concentrations and roles 
of IFN-y in the different animal models of secondary HLH (Table 3). Two models 
reported amelioration of disease upon initiation of IFN-y blockade [55, 74], while 
three others could not detect a significant role for IFN-y, aside from probable 
involvement in development of anemia [56, 82, 94]. Another two models even 
described worsening of HLH-like disease in the absence of IFN-y [32, 80]. These 
data indicate that secondary HLH can indeed be driven by IFN-y overexpression but 
may also develop in an independent manner. 

In autoimmunity-associated and autoinflammation-associated secondary HLH, 
IL-6 has emerged as one of the central pathogenic cytokines, which has led to tar- 
geted therapy with tocilizumab in affected patients. Upon chronic exposure, IL-6 
magnifies TLR responses, amplifies inflammation and decreases the cytotoxic 
potency of NK cells [70, 75]. Aside from the IL-6Tg mouse model, the cytokine was 
found to be elevated in several murine models of secondary HLH (Table 3) and to 
contribute to the pathogenesis in the cytokine-overexpressing humanized NSG mice 
[91]. Other cytokines that are currently targeted in patients with HLH secondary 
to autoimmune/autoinflammatory disease include IL-1 (by anakinra, rilonacept 
and canakinumab) and TNF-a (by etanercept and adalimumab), the former 
appearing most efficacious. Both cytokines are variably elevated in the different 
models of secondary HLH and their neutralization has not often been explored 
(Table 3). In the case of TNF-a, no therapeutic benefits were detected in CpG- 
induced MAS [55]. 

A novel therapeutic target in secondary HLH could be IL-18, considering the 
recent identification of IL-18 as a pathogenic cytokine in CpG-induced secondary 
HLH. In this model blockage of the IL-18-receptor ameliorated the aggravated HLH 
phenotype in [L-18BP knockout mice [57]. The importance of this cytokine is 
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also evident from a subgroup of MAS patients carrying NLRC4 gain-of-function 
mutations, resulting in constitutive inflammasome activation and extraordinarily high 
serum IL-18 [52]. In one report, treatment with recombinant human IL-18BP (the 
natural antagonist of IL-18) was able to temper a case of severe and life-threatening 
refractory secondary HLH [53]. In an attempt to explore the mechanisms behind 
NLRC4-associated MAS, an NLRC4 gain-of-function point mutation was inserted 
into a mouse germ line, after which the resultant mouse strain displayed chronic 
inflammasome activation and consistently high IL-18 levels. However, no spontane- 
ous overt inflammation or symptoms of HLH were observed [109]. Bone marrow 
chimeras pointed out that non-hematopoietic cells were the dominant source of exces- 
sive IL-18 production, suggesting that patients with recurrent NLRC4-associated 
MAS may not benefit from bone marrow transplantation [109]. 

As a countermeasure to the pro-inflammatory cytokine storm, levels of anti- 
inflammatory IL-10 are often elevated in patients and murine models of secondary 
HLH (Table 3). It is considered a protective and possibly therapeutic cytokine in 
both chronic and excessive CpG models, as IL-10 receptor blockade significantly 
worsened disease outcome [55, 65]. 


Conclusion 


The broad set of currently available animal models of secondary HLH, as reviewed 
in this chapter, provides an indispensable tool for researchers to gain mechanistic 
insights into its complex pathogenesis, and allows for mapping of possible hetero- 
geneity underlying the different sHLH subtypes. Indeed, the models show how mul- 
tiple divergent pathogenic pathways may ultimately result in the syndrome of 
HLH. Translationally, the spectrum of sHLH animal models has the potential to 
greatly contribute to improvements in human HLH management. In the majority of 
sHLH models, a variety of inflammatory cytokines and chemokines are signifi- 
cantly increased, underscoring the prominent role of the cytokine storm in 
sHLH. The various implicated cytokines can be targeted upstream using JAK or 
NF-«B inhibitors, or can be viewed as individual therapeutic targets to halt HLH in 
a more precise and directed manner. In this regard, the identification of the pivotal 
cytokine or cytokine combination that underlies the pathology of different sHLH 
subtypes remains a major challenge. In clinical practice, IL-1 and IL-6 blockade 
appear most effective for many forms of sHLH. Similarly, sHLH patients could 
benefit from a variety of cell-directed therapies targeting T cells, B cells, macro- 
phages, or stimulating regulatory NK cells. Again, it will be vital to identify the 
central pathogenic cell type for each of the sHLH subtypes. The development of 
diagnostic and prognostic tools to predict the right cytokine antagonist and/or cel- 
lular target in each individual patient will be essential to improve patient care; a 
future goal in which the diverse sHLH animal models will play an important 
translational part. 
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SCT Hematopoietic stem cell transplantation 
sHLH Secondary HLH 

SIRS Systemic inflammatory response syndrome 
SLE Systemic lupus erythematosus 

XLP X-linked lymphoproliferative disease 
Introduction 


Historical Development 


Much of the early development of etoposide-based treatment for cytokine storm 
syndromes (CSS) started in the treatment of hemophagocytic lymphohistiocytosis 
(HLH), more specifically in primary (genetic) forms of HLH (pHLH), also termed 
familial hemophagocytic lymphohistiocytosis (FHL) [1]. The term FHL comprises 
autosomal recessive disorders with genetic aberrations in the genes PRF'1, UNC13D, 
STX11, and STXBP2 coding for proteins crucial for lymphocyte cytotoxicity [2—6]. 
Other genetic syndromes associated with pHLH are Griscelli syndrome type 2 (GS2), 
Chédiak—Higashi syndrome (CHS), Hermansky—Pudlak syndrome type 2 (HPS), 
and X-linked lymphoproliferative disease type 1 and 2 (XLP1, XLP2) [7-11]. FHL 
is, typically, a rapidly fatal disease characterized by a state of hyperinflammation 
that in 1983 was reported to have a median survival of less than 2 months if not 
adequately treated [1]. The extraordinary dismal outcome of FHL in combination 
with the febrile, hyperinflammatory condition prompted various early therapeutic 
efforts including corticosteroids, mostly with short effect. In addition, cytotoxic 
drugs such as Vinca alkaloids were tried, mostly vinblastine in combination with 
corticosteroids, and this was reported to induce response in a few patients [1]. 

The first reports on the successful use of the epipodophyllotoxin derivatives 
etoposide and teniposide for FHL (pHLH) came during the 1980s, when they were 
shown to induce prolonged resolution in combination with corticosteroids [12, 13]. 
A treatment protocol including etoposide in pulses in combination with corticoste- 
roids, intrathecal methotrexate and cranial irradiation, was successful in inducing 
resolution and prolonged survival [14]. In 1991, a therapeutic regimen (HLH-91) 
that also included guidelines for maintenance therapy was published. In HLH-91, 
the cytotoxic treatment, including the maintenance therapy, was based on the epi- 
podophyllotoxin derivatives etoposide and teniposide, but the treatment was admin- 
istered regularly instead of in pulses and the cranial irradiation had been excluded 
(Fig. 1) [15]. The HLH-91 protocol induced resolution in four of five patients (80%) 
and it became the treatment model that the subsequent treatment protocols HLH-94 
and HLH-2004 were based upon (Figs. 2 and 3). 

Secondary HLH (sHLH) in the form of virus-associated hemophagocytic syn- 
drome was initially described in 1979 in a report on 19 patients in whom active 
infection by herpes viruses was documented in 14 patients and by adenovirus in 
one. Treatment generally consisted of supportive therapy and withdrawal of immu- 
nosuppressive drugs. Consequently, 13 patients recovered and it was concluded that 
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Fig. 1 Overview of the HLH-91 treatment protocol. This protocol was used in five Swedish 
patients, of whom four (80%) achieved remission [98]. During induction therapy, etoposide was 
given twice a week for the first 4 weeks, followed by weekly doses for 2 months. (a) Maintenance 
therapy was administered either as a weekly dose oral etoposide 100-300 mg/m? (solid triangle) or 
as a biweekly dose intravenous etoposide 100-200 mg/m? (open triangle). (b) Intrathecal metho- 
trexate doses by age: <1 year = 6 mg, 1 year = 8 mg, 2 years = 10 mg, >3 years = 12 mg. Four 
additional doses of intrathecal methotrexate were given once spinal fluid cell number had reached 
<10 x 10° cells/L and active cerebromeningeal symptoms no longer were present. (Figure adapted 
from: Henter and Elinder, Acta Paediatr Scand 1991 [98]) 
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Fig. 2 Overview of the HLH-94 treatment protocol. The patients without familial or persistent dis- 
ease were recommended to stop therapy after the initial therapy, and restart in case of reactivation. 
BMT: Patients with familial or persistent disease were recommended a hematopoietic stem cell 
transplant as soon as an acceptable donor was available, preferably when the disease was non-active. 
Dexa: Daily dexamethasone (10 mg/m?/day for 2 weeks followed by 5 mg/m?/day for 2 weeks, 
2.5 mg/m?/day for 2 weeks, 1.25 mg/m?/day for 1 week, and 1 week of tapering); during continuation 
therapy biweekly dexa pulses (10 mg/m?/day for 3 days). VP-16: Etoposide: 150 mg/m? IV, twice 
weekly for 2 weeks, then weekly during initial therapy; thereafter biweekly. CSA: Daily cyclosporin 
A, starting week 9, aiming at blood levels of 200 ug/L (trough value). IT therapy: Intrathecal metho- 
trexate (doses by age: <1 year 6 mg, 1-2 years 8 mg, 2—3 years 10 mg, >3 years 12 mg), in patients 
with progressive neurological symptoms and/or persisting abnormal cerebrospinal fluid findings. 
(Originally published in Blood: Trottestam et al., Blood 2011 [32]. Copyright © the American 
Society of Hematology. Reprinted by permission of the American Society of Hematology) 
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Fig. 3 Overview of the HLH-2004 treatment protocol. Both HLH-94 and HLH-2004 consist of an 
initial therapy of 8 weeks, with immunosuppressive and cytotoxic agents, and a continuation ther- 
apy phase thereafter, where a hematopoietic stem cell transplantation (SCT) is recommended as 
soon as an acceptable donor is available for patients with familial, genetic, persisting or relapsing 
disease. Similar to HLH-94, HLH-2004 consists of daily dexamethasone (Dexa) (10 mg/m?/day 
weeks 1-2,5 mg/m?/day weeks 3—4, 2.5 mg/m?/day weeks 5—6, 1.25 mg/m?/day week 7, and taper- 
ing during week 8), and etoposide (VP-16) (150 mg/m?’, twice weekly weeks 1-2, then once 
weekly) during initial therapy. In HLH-2004, cyclosporine A (CSA) (aiming at 200 pg/L trough 
value) is administered already up front. During continuation therapy Dexa (10 mg/m?/day for 
3 days) and VP-16 (150 mg/m?) are given every second week and CSA daily. For patients with 
progressive neurological symptoms during the first 2 weeks, or if an abnormal cerebrospinal fluid 
value at onset has not improved after 2 weeks, intrathecal (I.T.) treatment with methotrexate (dose 
by age: <1 year 6 mg, 1—2 years 8 mg, 2—3 years 10 mg, >3 years 12 mg each dose) and predniso- 
lone (doses by age: <1 year 4 mg, 1—2 years 6 mg, 2—3 years 8 mg, >3 years 10 mg each dose) is 
recommended (up to 4 doses, weeks 3, 4, 5, 6). (Originally published in: Henter et al., Pediatric 
Blood Cancer 2007 [23]) 


immunosuppressive and cytotoxic therapy may be contraindicated in the treatment 
of this virus-associated syndrome [16]. However, viral infections in HLH may be a 
concomitant finding that does not necessarily rule out the primary form (1.e., FHL), 
suggesting that HLH-directed therapy, such as etoposide, may be necessary even in 
the presence of an infection [17]. Notably, effective control of severe Epstein—Barr 
virus (EBV)-related HLH with etoposide-based immunochemotherapy was later 
reported, mostly in patients with presumed secondary HLH [18]. In recent years, 
increased awareness and knowledge of sHLH has shown the importance of adapting 
the intensity and extent of sHLH therapy to the underlying condition(s), severity of 
symptoms, and response to therapy. 


Biological Studies 


Markedly elevated levels of interferon (IFN)-gamma was first reported in HLH in 
1991 and, consequently, a role for cytokine inhibitors in HLH was suggested [19]. 
This was the first report in English in PubMed with a title using the term 
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“hypercytokinemia.” The first report in PubMed with a title including the term 
“cytokine storm” came in 1993, describing a critical role for interleukin (IL)-1 in 
graft-versus-host disease [20]. 

While the choice of using etoposide in HLH was empiric in the 1980s, the 
remarkable and almost magic effect of etoposide was not understood until later 
when laboratory studies revealed that etoposide indeed can compensate for the 
inherited cytotoxic defect in FHL [21]. Interestingly, when lymphocytes isolated 
from FHL patients were subjected to etoposide in vitro, this elicited a normalized 
apoptotic response in FHL patient cells when compared to healthy controls [21]. 

Later, in a murine model of HLH, it was found that etoposide substantially can 
alleviate all symptoms of murine HLH. Moreover, the therapeutic mechanism of 
etoposide was reported to involve potent selective deletion of activated T-cells, as 
well as efficient suppression of inflammatory cytokine production, that is, a treatment 
very suitable for CSS [22]. 


General Principles for Treatment of HLH and CSS 
Prompt Diagnosis and Early Treatment 


The clinical course of HLH and CSS may be rapidly fatal or result in severe life-long 
CNS sequelae. The clinical presentation can be quite variable, and it is therefore 
important for clinicians in different medical fields to be aware of HLH for prompt 
evaluation, diagnosis and treatment. 

In order to facilitate early diagnosis of HLH and CSS, numerous efforts to pro- 
mote prompt diagnosis of HLH and CSS have been developed. In 1991, the 
Histiocyte Society presented the first international diagnostic guidelines for HLH 
[15]. In these guidelines, pHLH and sHLH were not differentiated, since at that time 
there were no reliable clinical, laboratory (functional or genetic tests), or histo- 
pathological methods available to distinguish these entities. The diagnostic criteria 
were revised for the HLH-2004 treatment protocol, in which newly available labo- 
ratory analysis of NK-cell activity and molecular diagnosis were added to help to 
identify pHLH [23]. Note that the HLH-2004 criteria may be difficult to achieve if 
NK-cell function and sCD25 are not readily available. Moreover, many secondary 
forms may not meet formal HLH-criteria but may still benefit from early treatment 
of sHLH or MAS. Thus, sometimes treatment for CSS has to be initiated before a 
fifth criterion is met. 

Guidelines to diagnose macrophage activation syndrome (MAS) complicating 
systemic juvenile idiopathic arthritis (JIA) were presented 2005 [24] and prelimi- 
nary guidelines for MAS in juvenile systemic lupus erythematosus (SLE) in 2009 
[25]. Later, in 2016, novel classification criteria for MAS complicating systemic 
JIA were presented [26]. The same team have also identified the laboratory tests in 
which change over time is most valuable for the early diagnosis of MAS in systemic 
JIA [27]. In newly diagnosed patients with HLH, the underlying cause is often 
unknown despite these diagnostic efforts. Nevertheless, in order to suppress the 
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CSS that may lead to CNS-inflammation, multiorgan failure, irreversible organ 
damage and ultimately death, prompt initiation of treatment is essential. For patients 
with primary HLH, this also stabilizes the patient for a later curative hematopoietic 
stem cell transplant (SCT). CNS involvement, on the other hand, which causes the 
most common severe late effects in HLH, can affect patients with primary as well 
as secondary HLH [28, 29]. 

Control of the destructive hyperinflammation in CSS is imperative. Established 
principles for the treatment of HLH have been developed, aimed mainly at suppres- 
sion of hyperinflammation and related hypercytokinemia, and elimination of acti- 
vated immune cells and antigen presenting cells by immunosuppressive, 
immunomodulatory and cytotoxic drugs. However, these therapies, including eto- 
poside, are not without risks since they may further aggravate the already prevailing 
HLH-associated immune dysfunction, consequently with risk of severe uncon- 
trolled infections, and “hide” undiagnosed triggering malignancies. 


Choice of Acute Therapy 


Treatment of HLH often has to be initiated urgently, before the underlying cause of 
HLH is known, but the triggering factor(s) should be identified as soon as possible 
to help decide appropriate further treatment. If the underlying factor(s) to the HLH 
is known, then treatment should of course be adapted in line with that knowledge, 
as discussed later in this chapter. However, without a known underlying triggering 
factor, the choice of treatment is obviously much more difficult. These decisions are 
based on multiple factors such as the age of the patient (the older the patient is, the 
higher is the risk of a malignancy), previous clinical history (e.g., known rheumatic 
disorders), any relevant suspected current disorders, the severity of the actual clini- 
cal situation (a very severe situation may require prompt and intensive interven- 
tion), current laboratory values (e.g., blood counts in case etoposide is considered), 
and last but not least, the experience of the treating physician of available treatments 
that may be considered. Below are some general guidelines, based on available 
guidelines from experts in the field and personal experience of the authors. 

In patients with pHLH, predominantly children, therapy in line with HLH-94/ 
HLH-2004 can currently be regarded as standard of care [30-33]. Thus, this treat- 
ment is justified in patients with severe HLH suspected to be primary (genetic) that 
fulfill the diagnostic criteria for HLH, in particular if functional analyses suggest 
pHLH, such as decreased cytotoxic function, degranulation defects or reduced per- 
forin expression. However, it is worth mentioning that NK-cell function may be 
reduced also in SHLH and this finding alone is therefore not an indication for full 
HLH-directed treatment and subsequent SCT. Similarly, the effects of hypomorphic 
and dominant negative heterozygous mutations in HLH-associated genes may pres- 
ent later in childhood (or adulthood) and can lead to partial NK-cell dysfunction, 
and the treatment of these patients must be individualized. 

If functional analyses are not available or not in line with pHLH, and therefore 
the type of HLH 1s less evident, but the diagnostic criteria are nevertheless fulfilled 
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and the patient is severely affected by the HLH, it may still be relevant to give HLH- 
directed therapy to reduce the CSS in patients that are unresponsive to aggressive 
supportive care and treatment directed at a suspected underlying trigger or empiric 
treatment of an unknown trigger. HLH-directed therapy with corticosteroids, such 
as dexamethasone (10 mg/m?/day), and IVIG may be sufficient to control the hyper- 
cytokinemia and immune dysregulation, but in severe and specific cases, discussed 
in detail later, addition of etoposide may be required to reduce the CSS. In a severe 
EBV-driven HLH, or if pHLH is nevertheless suspected, an etoposide-based treat- 
ment as per the HLH-94/HLH-2004 protocols may be necessary. However, in less 
clear cut cases, etoposide may be administered to begin with only once weekly 
(instead of twice weekly as in the HLH-94/HLH-2004 protocols). During this acute 
treatment period, the diagnostic workup can continue to reach a more informed 
decision on the most suitable subsequent therapy. It is the view of the authors that in 
these severe life-threatening cases the potential side effects of a few age-adjusted 
doses of etoposide, in particular in patients with acceptable blood counts and good 
empirical supportive care, may be a reasonable risk to take, even if the full diagnostic 
picture is not complete, in order to halt a potentially life threatening CSS or a CSS 
that may result in severe permanent sequelae such as neurological complications. 
However, we would suggest a reduction of every etoposide dose from 150 mg/m’, 
as in HLH-94/HLH-2004, to 100 mg/m? in adolescents and young adults and a 
further reduction to 50-75 mg/m? in middle-aged and elderly patients, since children 
seem to tolerate the drug better than adults [34]. Further dose adjustments may be 
necessary depending on the severity and the course of the CSS. 

The choice of acute treatment is even more difficult when the diagnostic crite- 
ria for HLH are not fulfilled, in particular if the underlying cause of HLH is 
unclear, but the clinical presentation is suggestive of a flaring CSS/HLH [35]. One 
option may be to administer high doses of corticosteroids, such as dexamethasone 
as per the HLH-94/HLH-2004 protocols, since dexamethasone is a well-estab- 
lished anti-inflammatory drug with good penetration into the cerebrospinal fluid. 
Another option is the administration of high doses of methylprednisolone. 
In patients with suspected simultaneous CNS affection, it may be relevant to start 
with full HLH-94/HLH-2004 therapy even if not all diagnostic criteria are 
fulfilled, due to the risk of severe long-term CNS complications. 

In patients with less aggressive HLH of known or unknown cause, in particular 
patients with presumed sHLH, corticosteroids and immunomodulatory drugs such 
as intravenous immunoglobulin (IVIG) or cyclosporine A (CSA) may be sufficient 
to dampen the CSS, but these patients must be followed carefully since a later, 
sometimes sudden, deterioration may require prompt intensification of therapy. In 
patients with MAS and other CSS, other initial treatments may be preferred such as 
corticosteroids combined with IL-1 or IL-6 blockade, or other immunomodulatory 
treatments as discussed later in this chapter and in subsequent chapters. The severity 
of the HLH in combination with the underlying cause of the CSS should decide the 
intensity and choice of initial HLH-directed therapy, not whether the disease is 
primary or secondary which, however, is important for guidance in the decision of 
appropriate continued therapy [36]. 
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Continuation of HLH-directed therapy depends on many factors, including 
whether the HLH is resolved on the treatment provided and the underlying cause. 
While a primary HLH normally requires continuation treatment and a subsequent 
SCT, secondary forms of HLH typically only require treatment until the HLH is in 
resolution and only rarely requires SCT. In patients with pHLH, the search for a 
suitable SCT donor should start promptly in order to shorten the time to the curative 
SCT, with the aim to reduce the risks of HLH reactivation, CNS damage and other 
long-term complications. Patients that respond well to initial pretransplant induc- 
tion therapy have a better outcome and in a review of 86 children (29 familial) that 
received HLH-94-therapy followed by SCT children with non-active disease at 
SCT (n = 49) had 71% (58-84%) 3-year survival post-SCT as compared to 54% 
(38-70%) for children with persisting HLH activity at SCT (n = 37) [37]. 


Etoposide-Based Therapy in Primary HLH 


The Treatment Protocols HLH-94 and HLH-2004 


Treatment Protocol Outlines 


The treatment protocols HLH-94 and HLH-2004, based on the HLH-91 protocol 
(Fig. 1) [15], are both based on etoposide and dexamethasone, and are designed to 
induce and maintain a state of resolution of the disease in order to ultimately cure 
primary, persistent, and relapsing forms of HLH by SCT [23, 30]. Major changes in 
the HLH-94 and HLH-2004 protocols compared to the HLH-91 protocol included 
changing prednisolone to dexamethasone, reducing the induction phase from 12 to 
8 weeks as well as biweekly cytotoxic therapy from 4 to 2 weeks, introducing intra- 
thecal therapy week 3 instead of up front, changing teniposide to the resembling 
etoposide, introducing cyclosporin A (CSA), and abandoning oral maintenance 
therapy. HLH-94 and HLH-2004 include an initial intensive therapy with immuno- 
suppressive and cytotoxic agents for 8 weeks, with the aim to induce resolution of 
disease activity (Figs. 2 and 3). Etoposide 150 mg/m? is administered twice weekly 
during the first 2 weeks and then weekly, in combination with dexamethasone (in1- 
tially 10 mg/m?/day for 2 weeks followed by 5 mg/m7/day for 2 weeks, 2.5 mg/m?/ 
day for 2 weeks, 1.25 mg/m?/day for 1 week, and 1 week of tapering). Corticosteroids 
are important anti-inflammatory drugs for HLH and dexamethasone is preferred due 
to better penetration into the CSF. 

In HLH-94, CSA is used as an immunosuppressive drug administered in the 
continuation treatment starting after the first 8 weeks of induction therapy, since it 
lowers the activity of otherwise over-activated T-cells and their immune response. 
Moreover, HLH is characterized by very high IFN-gamma levels, and CSA has been 
reported to inhibit the production of IFN-gamma [19, 38]. HLH-94 resulted in a 
remarkably improved outcome with a 5-year probability of survival of 54% [32]. 
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However, early mortality and late neurological effects remained problematic. 
Therefore, the treatment intensity in HLH-2004 was increased during the first 
2 months of therapy by administering CSA already up front in order to increase 
immunosuppression without inducing additional myelotoxicity, partly because 
CSA also had been reported to be clinically beneficial in the initial treatment of 
HLH (Fig. 3) [23, 39]. In addition, intrathecal methotrexate therapy is recommended 
in both HLH-94 and HLH-2004 for patients with progressive neurological symp- 
toms and/or persisting abnormal CSF findings [23, 30]. 

As highlighted by Jordan et al., it is important to initiate therapy promptly even 
in the case of unresolved infections, cytopenias, or organ dysfunction [40]. Because 
etoposide is cleared by both renal and hepatic pathways, we and others recom- 
mend etoposide doses adjusted according to renal function: a dose reduction 
of 25% if creatinine clearance is 10-50 mL/min/1.73 m? BW, 50% if creatinine 
clearance is <10 mL/min/1.73 m? BW, and 75% if creatinine clearance is 
<10 mL/min/1.73 m° BW combined with conjugated bilirubin >50 pmol/L 
(1.e., >3 mg/dL). However, dose reduction of etoposide is not recommended for 
isolated hyperbilirubinemia [40]. 


Anti-infectious and Supportive Therapy 


HLH is a CSS and it is therefore important to treat infections that may trigger the 
hyperinflammation in HLH, in both primary and secondary forms of HLH. Moreover, 
since HLH patients often are critically ill it is also recommended to provide maxi- 
mal supportive care, including initially appropriate broad-spectrum antibiotics, 
Pneumocystis jirovecii pneumonia prophylaxis with cotrimoxazole (5 mg/kg/day of 
trimethoprim, 2—3 times weekly), antimycotic therapy, antiviral therapy when 
appropriate, gastric protection at least during weeks 1—9, and IVIG (0.5 g/kg iv) 
once every 4 weeks (during initial and continuation therapy); in line with the HLH- 
2004 protocol. It is noteworthy that a large proportion of the fatalities in pHLH have 
been associated with invasive fungal infections, in particular invasive aspergillosis 
and disseminated candidiasis, which emphasizes the importance of antimycotic 
prophylaxis and that it also includes aspergillosis [41]. 


Continuation Therapy 


For patients with primary, persistent or relapsing disease, a continuation therapy is 
recommended to keep the patient in remission until a curative allogeneic SCT can be 
performed. The continuation therapy consists of etoposide 150 mg/m? iv every 
second week, dexamethasone pulses 10 mg/m?/day for 3 days every alternating 
second week, in combination with continuous CSA (Figs. 2 and 3). If a primary 
disease is unlikely and the disease resolves after 8 weeks, no continuation therapy 1s 
considered necessary unless signs of reactivation occur. 
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Treatment of Reactivations 


Primary HLH is more or less a continuous disease characterized by frequent reac- 
tivations, particularly if the therapeutic intensity is reduced, and is not cured until 
a successful SCT is performed. In the HLH-2004 protocol, the suggested action 
if the patient develops a reactivation is to intensify therapy with etoposide and 
dexamethasone, and add intrathecal therapy in case of CNS-reactivation. 
Moreover, reactivations have to be separated from failure to respond to therapy, 
which is less common. 

Notably, recent data from the HLH-2004 study indicate that out of 187 patients 
that were reported to have achieved resolution at 2 months, 20 had actually had at 
least one reactivation during the first 2 months [42]. Moreover, 6 patients had reac- 
tivated after stopping initial therapy and restarted initial therapy before they could 
finally discontinue treatment without reactivations. Despite their reactivations these 
6 patients were all alive without need for a SCT at last follow-up [42]. 


Results of HLH-94 


The overall 5-year cumulative probability of survival in the HLH-94 study was 54% 
(95% CI +6%) and 50% (95% CI +13%) for patients with verified familial disease, 
defined as having an affected sibling. Altogether, 71% had permanent remission or 
were alive until transplant, and the corresponding figure for verified familial patients 
was 73%. After the initial treatment of 2 months, 86% were alive (92% of the familial 
patients). The 5-year cumulative overall survival post-SCT was 66 + 8%; 74 + 16% 
with matched related donors, 76 + 12% with matched unrelated donors, 61 + 23% 
with mismatched unrelated donors, and 43 + 21% with family haploidentical donors 
[32]. Altogether 27% of the familial patients died without receiving a SCT, this is a 
number that would be important to reduce in subsequent HLH studies. 

Moreover, neurological late effects were reported in 19% of all patients, 31% in 
the familial patients, and included severe mental retardation, cranial and non-cranial 
nerve palsies, epilepsy, speech delay, learning difficulties, and attention-deficit/ 
hyperactivity disorder. Non-neurological late effects were reported in 16%, 30% in 
the familial patients, including nutritional problems and/or growth retardation, 
hypertension, impaired renal function, obstructive bronchiolitis, and hearing impair- 
ment. None of these late effects were likely related to the etoposide treatment. 
However, the possibility that etoposide may have contributed to one patient (0.4%) 
developing a malignancy, acute myeloid leukemia (AML), 6 months after treatment 
initiation cannot be excluded. The patient was transplanted and survived [32]. 

Patients with Griscelli syndrome type 2 (GS2), X-linked lymphoproliferative 
disease (XLP), and Chédiak—Higashi syndrome (CHS) were not included in the data 
above. Instead, all patients in the HLH-94/HLH-2004 registries treated between 
1994 and 2004 with these disorders were studied separately in order to investigate 
whether a treatment protocol based on etoposide and dexamethasone could be used 
even for these syndromes. All patients (GS2 = 5, XLP = 2, CHS = 2) responded to 
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the therapy, and all but one (suffering from CHS) were alive with a mean follow-up 
of 5.6 years. All GS2 patients, one XLP patient, and one CHS patient underwent 
SCT. Thus, HLH-directed treatment with etoposide and dexamethasone can be 
effective first line treatment also in patients with GS2, XLP and CHS that have 
developed a hemophagocytic syndrome [43]. 


Results of HLH-2004 and Current Recommendations 


During 2004-2011, 369 children aged <18 years fulfilled the HLH-2004 inclusion 
criteria (5/8 diagnostic criteria, affected siblings, and/or molecular diagnosis in 
FHL-causative genes) [23]. The overall 5-year cumulative probability of survival 
in the HLH-2004 study was 61% (95% CI = 56-67%). The 5-year survival was 
comparable in children that were genetically diagnosed with FHL (n = 158) or 
diagnosed by familial occurrence (n = 47), 61% and 58%, respectively. The mor- 
tality prior to SCT that was 27% in HLH-94 was reduced to 19% in HLH-2004 
(P = 0.064 adjusted for age and gender). The reported neurological alterations at 
the time of SCT were 22% in HLH-94 and 17% in HLH-2004. Finally, 5-year 
probability of survival after SCT was 66% overall and 79% in children with 
affected siblings [42]. 

As in the HLH-94 study, patients with mutations in other HLH-associated genes 
were studied separately. In the HLH-2004 study there were 29 such patients: XLP 
(n = 16), GS2 (n = 11), CHS (n = 1), Hermansky—Pudlak syndrome (n = 1). Their 
5-year probability of survival was 59% (95% CI 43-81%), that is, similar to the 
patients with verified FHL [42]. 

To conclude, the HLH-2004 study confirmed that a majority of patients with 
HLH, including patients with verified FHL and patients with mutations in other 
HLH-associated genes, may be rescued by an etoposide/dexamethasone-based 
treatment. 

When comparing preliminary HLH-2004 data with those of the HLH-94 study, 
it could not be shown statistically that the HLH-2004 treatment was superior to that 
of HLH-94 with regard to overall survival, survival at 8 weeks, survival before SCT 
or survival post-SCT, nor with regard to the frequency of patients with neurological 
symptoms at 2 months after start of therapy or at transplantation. Therefore, the 
HLH-2004 Study Group and the HLH Steering Committee of the Histiocyte Society 
both recommend the HLH-94 protocol as standard of care, but with regard to diag- 
nostics, the HLH-2004 diagnostic criteria are still recommended. 


Side Effects of Etoposide in HLH Treatment 


In general, side effects of etoposide include myelosuppression, hypotension (if 
the drug is infused too rapidly), hepatocellular damage, nausea, vomiting, fever, 
headache, abdominal pain, diarrhea, anorexia, alopecia, and allergic reactions. 
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Another complication after etoposide treatment is secondary malignancies, in par- 
ticular AML, as reported by Pui et al. [44]. However, secondary malignancies are 
actually rare in patients treated for HLH. Imashuku et al. studied the impact of eto- 
poside on the prognosis of 81 patients (77 of whom were children <15 years old) 
with EBV-HLH that received a median cumulative dose of 1500 mg/m? etoposide 
(maximum 14,550 mg/m7), and only 1 patient, who received 3150 mg/m? etoposide, 
developed therapy-related AML (t-AML), at 31 months after diagnosis [45]. In a 
recent extensive literature review, altogether 13 (11 sHLH and 2 FHL) cases of 
t-AML in HLH patients treated with etoposide were found [46]. 

In HLH-2004, extra efforts were made to evaluate toxicity of the treatment. No 
suspected unexpected serious adverse reactions were reported. In total, 89 severe 
adverse events (SAE) grade III or IV were reported, of which 48 included one or 
more suspected causative drugs. Where one single drug was suspected 13 reported 
CSA, 6 reported etoposide (with the hepatobiliary system being most frequently 
affected, n = 3), and 6 reported dexamethasone (5 with cardiac hypertension). Two 
causative drugs were suspected in 15 reports (CSA = 14, dexamethasone = 14, eto- 
poside = 2), with the most common SAE being cardiac hypertension associated with 
dexamethasone and CSA (n = 11). The two patients with etoposide-related SAEs 
and one other drug include one patient with infection (with CSA) and one with 
affection of the hepatobiliary system (with dexamethasone). In eight reports, all 
these three drugs were suspected to be involved, with infections (n = 5) being the 
most frequent SAE. Finally, in addition one patient (0.3%) developed a malignancy 
(AML). This patient actually received no etoposide after 3 weeks of therapy due to 
infections, and the patient was in complete resolution at 2 months. Two years later 
the patient was diagnosed with AML, underwent SCT but died. It is obviously dif- 
ficult, and likely impossible, to tell whether the AML was secondary to etoposide or 
not [42]. Notably, the frequency of t-AML in the HLH-2004 study (0.3%) was simi- 
lar to that in the HLH-94 study (0.4%) [32]. 

To conclude, the risk of developing t-AML in patients treated with etoposide/ 
dexamethasone for HLH in the HLH-94 and HLH-2004 studies was 0.3-0.4%. 
Knowing the potential severity of HLH, with high risk for fatality or life-long CNS 
complications, and the prompt and remarkably positive effect of etoposide in severe 
forms of HLH, the authors find that the benefits of etoposide are clearly greater than 
the risks, in primary as well as selected secondary forms of severe HLH. 


Etoposide-Based Therapy in Secondary HLH 


The underlying cause of SHLH varies markedly with age, gender, and ethnicity, as 
detailed below, and consequently, the use of etoposide in the treatment of sHLH 
varies accordingly. 
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General Considerations (Children and Adults) 
Children 


In the HLH-94 study, a total of 49 (20%) children of 249 included had no active 
disease more than 1 year after completion of HLH therapy and were therefore 
assumed to have had sHLH. They were older than other children studied with a 
median age of 24 months (range 2-184; P < 0.001) and more often female (61%, 
P = 0.011). The majority (n = 28, 57%) were reported from Japan, and 52% had a 
reported history of recent infection. The most frequently confirmed viral trigger was 
EBV (74% of patients with a confirmed infection), but cytomegalovirus (CMV), 
varicella, hepatitis A, rotavirus, and enterovirus infections were also reported [32]. 
In a Turkish report on 23 pediatric patients with sHLH (with >5/8 HLH-2004 crite- 
ria), 61% (14/23) had infection-associated HLH (VZV, EBV, H1N1, and various 
bacterial infections) and 35% (8/23) had MAS (JIA = 6, SLE = 1, polyarteritis 
nodosa = 1) [47]. In the HLH-2004 study, 137 of 369 eligible patients (37%), includ- 
ing 32 (23%) with verified FHL, had a reported infection at diagnosis: 94/137 with 
EBV (n = 75), CMV (n = 15), or combined EBV—CMV (n = 4) infection at onset 
[42]. Among all children registered in HLH-2004, the most common triggering fac- 
tors after infections were autoimmune and autoinflammatory diseases, followed by 
malignancies. 

In a large Chinese study on 323 children diagnosed with HLH, infection was 
documented in 242 patients, including EBV in 201, CMV in 14, other viruses in 6, 
bacteria in 11, mycoplasma in 4, fungi in 2, Leishmania in 2, and rickettsia in 2, 
while the trigger or underlying condition had not been documented in 68 patients. 
Rheumatic disease was documented in 5 patients and hematological malignancies 
in 8 [48]. 

To conclude, in children with HLH an etoposide-based HLH-directed treatment 
will often need to be considered at an early stage, since both pHLH and EBV-HLH, 
frequently requiring etoposide, are common forms of HLH in children. However, in 
children with sHLH other than EBV-HLH, a modified approach in line with the 
increasing number of reports on sHLH in adults may be considered (see below). 


Adults 


Secondary HLH is far more common than primary HLH, particularly in adults. In 
2014 Ramos-Casals et al. published an impressive review of 2197 adult patients 
with HLH reported in literature, giving a comprehensive overview of the most com- 
monly reported triggers associated with HLH. In summary: infections 50.4% 
(viruses such as EBV, human immunodeficiency virus (HIV), herpes viruses, CMV, 
and others 34.7%, bacteria including tuberculosis 9.4%, parasites 2.4%, fungi 1.7%); 
malignancies 47.7% (hematological 44.7%, solid 1.5%); autoimmune diseases 
12.6% (systemic 11.1%); others or idiopathic 12.1% (transplantation 4.3%) [49]. 
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Even though most patients that develop sHLH are adults, there are only a few 
prospective studies on treatment of sHLH in adults [50, 51]. However, there are 
some good recent large reports focusing on HLH in adults, including reviews on 
treatment [49, 52-56]. It is widely agreed, as mentioned earlier, that prompt initia- 
tion of treatment directed at the underlying trigger is of vital importance, with 
immediate additional immunosuppressive therapy in unresponsive or severe cases 
of HLH. Furthermore, Schram and Berliner suggest that in circumstances with no 
clear precipitant, a known genetic predisposition, or EBV infection, an etoposide- 
based regimen should be started without delay (except for in MAS) [55]. This 
Boston team also emphasizes that the diagnosis and treatment of HLH often is 
delayed in patients who are treated for a presumed infection and they subsequently 
miss the window of opportunity for a timely and effective HLH-directed treatment 
and, therefore, they favor timely initiation of HLH-94 treatment protocol in all 
patients with HLH except those with underlying rheumatologic disease [57]. 

With regard to the prognosis of HLH in adults, a retrospective study on 68 adults 
with HLH reported a median overall survival of 4 months, and patients with malig- 
nancy had a worse prognosis compared to those without (median survival 2.8 months 
versus 10.7 months, P = 0.007) [58]. 

Importantly, it has been emphasized that it is the severity of the HLH in combina- 
tion with the underlying cause of the CSS that should decide the intensity and choice 
of initial HLH-directed therapy, not whether the disease is primary or secondary 
which, however, is important for guidance in the decision of an appropriate contin- 
ued therapy [36]. 


Infection-Associated HLH 


HLH can be associated with numerous infections, particularly EBV and other her- 
pes viruses, but also HIV, influenza, parvovirus, and hepatitis viruses, as well as 
bacterial, fungal, and parasitic organisms, as reviewed by Rouphael et al. and 
Ramos-Casals et al. [49, 59]. Below we focus on the use of etoposide in the treat- 
ment of various forms of infectious-associated HLH in all ages. 


Virus Infections 


The most common individual trigger of infection-associated HLH is EBV, and, fur- 
thermore, EBV-HLH may become very severe. In a pioneering publication by 
Imashuku et al. it was reported that 14 of 17 patients with EBV-HLH treated with 
immunochemotherapy (with a core combination of steroids and etoposide) main- 
tained their complete responses. This report provided a new perspective on EBV- 
HLH showing that effective control of the CSS could be achieved using steroids and 
etoposide, with or without other immunomodulatory agents, and without SCT in a 
majority of EHV HLH patients [18]. Subsequently, Imashuku et al. reported that the 
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probability of long-term survival was significantly higher when etoposide treatment 
was begun less than 4 weeks from diagnosis as compared to later or not at all (90.2% 
versus 56.5%; P < 0.01). Hence, the authors concluded that early administration of 
etoposide, preferably with CSA, was the treatment of choice for patients with EBV- 
HLH [60]. Moreover, the efficacy of early etoposide in the treatment of EB V-HLH 
was later confirmed in adults as well as in children [61]. Dr. Imashuku later con- 
cluded, “When considering the treatment of EB V-HLH, the most important factor is 
the finding that a survival benefit is obtained when etoposide-containing therapy is 
initiated within 4 weeks of diagnosis. This indicates that there may be a window for 
observation or conservative corticosteroid/cyclosporine A or intravenous immuno- 
globulin (IVIG) treatment; however, once the disease is defined as “high risk” and/ 
or refractory to such therapy, prompt introduction of etoposide (ideally within 4 
weeks) is recommended. In deciding whether the disease is “high-risk,” evaluation 
of clinical staging, EBV genome copy numbers in the serum, cellular EBV tropism, 
chromosome analysis, and screening for hereditary immunodeficient diseases such 
as familial HLH, are required” [62]. As a complement, the anti-CD20 antibody 
rituximab that depletes B cells has been reported to have a therapeutic value [63]. 
Finally, it is important to identify patients affected by chronic active EBV infection 
(CAEBV), which may develop to malignant lymphoma, since treatment with SCT 
has been reported to have a favorable outcome for these patients [64]. CAEBV is 
characterized by persistent, life-threatening, infectious mononucleosis-like symp- 
toms with high EBV-DNA load in the peripheral blood and systemic clonal expan- 
sion of EBV infected T cells or natural killer cells. 

Etoposide has been reported beneficial in HLH associated with numerous other 
viral infections, but for these triggers statistical evidence is not available and the 
efficacy is therefore more difficult to evaluate. With regard to CMV, of the 137 eli- 
gible patients that had a reported infection at diagnosis in the HLH-2004 study 
15/137 had CMV and 4/137 combined CMV—-EBV infection; whereof less than half 
had verified pHLH [42]. In a study of 58 HIV-infected adults with HLH, many of 
whom also had other underlying diagnoses, 24 (41%) were reported to have received 
etoposide alone or in combination with corticosteroids [65]. The combination of 
etoposide and corticosteroids has also been reported to be of value in severe influ- 
enza A/H1N1 [66], and while others confirmed virus-associated HLH to be a major 
contributor to death in patients with 2009 influenza A (H1N1) infection, they could 
not confirm the efficacy of etoposide in reducing mortality [67]. With regard to 
other viral infections that can be associated with HLH such as other herpes viruses, 
viral hepatitis and human parvovirus, the knowledge on the use of etoposide is lim- 
ited likely due to their rare occurrence. 

To conclude, it is the view of the authors that in a patient with severe CSS trig- 
gered by a viral infection, in particular EBV, and that fulfills >5/8 diagnostic criteria 
for HLH, that is refractory to non-immunosuppressive disease-directed therapy and 
supportive care, it may be justified to initiate a combination of etoposide and corti- 
costeroid treatment adjusted to age and organ dysfunction provided that no contra- 
indications are present. For patients with presumed sHLH who may benefit from 
etoposide, we suggest individualized therapy, such as (1) less frequent etoposide 
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| 10mg | 
Dexa (mg/m) | 5mg | 


VP-16 VV VV VV V—V VY 
Week 1 2 3 4 5 6 7 8 9 


Fig. 4 Suggested therapy for patients with viral infections and severe secondary HLH. (Note: 
severe EBV-HLH may need more intensive therapy). Etoposide is typically administered once 
weekly. Allow weekly decisions on whether to continue etoposide treatment or not; duration of the 
treatment should be adjusted to the clinical and laboratory response of the patient. Age-adjusted 
doses of etoposide are recommended, for example, 100-150 mg/m? in children <15 years, 100 mg/ 
m°? in adolescents and young adults and 50-75 mg/m? in middle-aged and elderly patients. 
Suggested supportive therapy is cotrimoxazole, antimycotic therapy, gastric protection, and if 
applicable, antiviral therapy and IVIG; in line with the HLH-2004 protocol. (Originally published 
in: Henter et al., Lancet 2006 [34]) 


treatments (typically once weekly), (2) weekly decisions on continuation of etopo- 
side treatment, and (3) lower etoposide dose than in FHL, in particular in adoles- 
cents and adults (50-100 mg/m7), according to age, severity of symptoms and 
response to therapy (Fig. 4) [34]. However, more intensive therapy such as in the 
HLH-94/HLH-2004 protocols may be required, in particular in patients with severe 
EBV-HLH. 


Infections by Bacteria, Parasites and Fungi 


It is increasingly recognized that HLH may be associated with severe bacterial 
infections such as in sepsis, but the differential diagnosis of HLH and sepsis remains 
challenging [68]. The diagnostic dilemma is particularly common and particularly 
difficult in those critically ill, that often have sepsis and multiple organ failure 
(MOF)/multiple organ dysfunction syndrome (MODS), and we will therefore first 
focus on infections in critically ill patients. The eight diagnostic criteria of HLH are 
commonly found to varying extent in patients with sepsis, systemic inflammatory 
response syndrome (SIRS) and MODS [47, 69], where HLH is at the extreme end 
of this ladder of (hyper)inflammation before death. Notably, patients treated in the 
ICU with a clinical presentation of sepsis/septic shock but with no identified infec- 
tious pathogen, and who are unresponsive to sepsis-directed therapy, may have an 
undiagnosed HLH. Hence, diagnosis and appropriate treatment, that may include 
etoposide, may be delayed, with the risk of missing the time when HLH-directed 
treatment may be most effective. In this context, the findings by Tang et al. of 
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specific profiles of hypercytokinemia to help distinguish between HLH, sepsis and 
other infections are promising [70]. 

With regard to treatment of HLH in critically ill patients, there is currently no 
consensus. In a large retrospective study, 5027 patients admitted to a medical ICU 
at a teaching hospital were screened, of which 72 patients fulfilled HLH-2004 crite- 
ria, whereof 56 patients had complete follow-up and no missing data; among these 
etoposide was used in 45 (80%), corticosteroids in 31 (55%) and IVIG in 3 patients 
(5%) [52]. With etoposide-based therapy, treatment of precipitating factors and full- 
code life-supporting treatment, hospital mortality was 52%. The authors state that 
etoposide and steroids comprise an immunochemotherapy that benefits patients 
with HLH, that acts rapidly (within 24—48 h), and that its efficacy far outweighs the 
risk of secondary leukemia and transient worsening of the neutropenia, and further- 
more, emphasize the importance of aggressive supportive care combined with treat- 
ment of the precipitating factor [52]. Of interest, precipitating factors were 
dominated by two-thirds malignancies, followed by 10 patients with viral trigger 
and 13 nonviral infections; 6 tuberculosis, 5 blood stream infections, and 4 toxo- 
plasmosis (1 with a concomitant lymphoma). Another approach, reported in chil- 
dren with sepsis/MODS/MAS/HLH but without risk factors for HLH is treating the 
hyperinflammation with methylprednisone, IVIG, and anakinra, and, if MODS is 
also present, daily plasma exchange [71]. A similar approach with high-dose IVIG 
has been studied in adults [72, 73]. The combination of etoposide and corticoste- 
roids has also been reported to be successful in an extremely premature girl, born in 
the 24th gestational week (BW 732 g), with a severe secondary HLH due to a 
Serratia marcescens septicemia [74]. In summary, appropriate antibiotic treatment 
and supportive care are the evident backbone of therapy in these patients, and addi- 
tion of corticosteroids and IVIG may be beneficial when there is hyperinflammation 
with progressive organ dysfunction, while etoposide may be carefully considered in 
cases of refractory and severe CSS. We conclude that treatment of HLH in the criti- 
cally ill, including patients with sepsis, is multifaceted and remains a challenge 
worthy of further studies. 

The individually most common bacteria reported to be associated with HLH is 
Mycobacterium tuberculosis [49]. In a review of the English literature in 2006 on all 
patients reported with tuberculosis-associated HLH, the mortality was approxi- 
mately 50%. Twenty-nine of the 37 cases received treatment, either antituberculosis 
medication alone (n = 9), or a combination of antituberculosis medication and 
immunomodulatory treatment (n = 20). In most patients, immunomodulatory 
treatment consisted of high-dose steroids, but a few patients were treated with sple- 
nectomy (n = 2), plasma exchange (n = 2), IVIG, and epipodophyllotoxin. However, 
the effect of epipodophyllotoxin is not specified. Twelve (60%) of the 20 patients 
who received a combination of immunomodulatory and antituberculosis treatment 
survived, and 7 of the 9 (77%) patients who received only antituberculosis treatment 
recovered. In most cases, failure of therapy was attributed to initiation of therapy 
late in the course of the illness [75]. We do not support for the use of etoposide in 
tuberculosis-associated HLH. 
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The most common parasite associated with HLH is Leishmania, for which lipo- 
somal amphotericin B is recommended and effective, while etoposide is not recom- 
mended [76]. Histoplasma is the most frequently reported fungus to trigger HLH, 
for which amphotericin B also is effective. Etoposide has been used in histoplasmosis- 
associated HLH prior to obtaining the diagnosis of the infectious trigger, but the 
value of etoposide in this condition has not been established [77]. 


Malignancy-Associated HLH 


Malignancy-associated HLH (mal-HLH) comes in two forms, “malignancy- 
triggered HLH” and “HLH during chemotherapy” [78]. Malignancy-triggered HLH 
may be a presenting feature of the malignancy at diagnosis or at relapse, while HLH 
during chemotherapy typically occurs during, or shortly after, chemotherapeutic 
treatment for a malignancy while patients commonly are immunosuppressed and in 
remission from the cancer [78]. 

Notably, an unidentified neoplasm can be the triggering factor in any patient with 
HLH, the most common being occult lymphomas, and the likelihood of an underly- 
ing malignancy increases with age [78]. In general, mal-HLH has the worst progno- 
sis of all subgroups of sHLH [79-81]. Moreover, with regard to management of 
mal-HLH, there are few prospective studies to support evidence-based guidelines as 
reviewed by Wang and Wang [82]. 

A retrospective French study of 162 adult patients with sHLH, predominantly 
malignancy-triggered, found that use of etoposide as a first-line treatment tended to 
be associated with a better outcome (P = 0.079) as compared to treatment directed 
at the underlying pathology or treatment with corticosteroids only [80]. Furthermore, 
etoposide and methylprednisolone treatment combined with one dose of liposomal 
doxorubicin has been reported as an effective salvage therapy for adult refractory 
HLH [50]. 

In conclusion, specifically with regard to “malignancy-triggered HLH,” it is 
reported to be uncertain if a malignancy-directed or an HLH-directed regimen 
should be used primarily. However, the authors and others suggest that a regimen 
including etoposide and corticosteroids likely is valuable prior to, or concomitant 
with, start of tumor-specific treatment, at least in patients with florid HLH and 
patients with CNS affection, while the use of dexamethasone without etoposide may 
be considered in more moderate HLH. Accordingly, it is reasonable to add etoposide 
to the CHOP-protocol (1.e., CHOEP) for lymphoma treatment. Furthermore, in eli- 
gible patients in remission, a high-dose consolidation chemotherapy with autolo- 
gous stem cell transplantation has been reported as standard of care, while a deci- 
sion for allogeneic SCT requires careful individual assessment [56]. 

In “HLH during chemotherapy,’ delay or interruption of ongoing cancer therapy 
should be considered, while rigorous treatment of triggering infections is impera- 
tive. The addition of rituximab is suggested in highly replicative EBV infection 
[63]. However, in the event of a relapse or if there is active HLH, then HLH-directed 
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therapy should be considered, and, furthermore, CNS involvement (clinically or in 
the CSF) suggests prompt intense therapy [63, 78]. It has been reported that HLH 
complicating cancer treatment probably is under-recognized, and that these HLH 
patients suffer from prolonged neutropenia, pulmonary and neurologic symptoms, 
liver abnormalities, and lower platelet counts. Patients with HLH complicating can- 
cer treatment may benefit from anti-inflammatory treatment with corticoste- 
roids + IVIG, as well as adapted antimicrobial treatment to treat an infectious 
trigger, while it is suggested that etoposide should be used sparingly. In the monitor- 
ing to detect relapsing malignant disease as a potential alternate trigger for HLH, 
serial testing for sCD25 and bone marrow assessment for hemophagocytosis has 
been reported to be helpful [56]. 


Macrophage Activation Syndrome/Rheuma-Associated HLH 
Systemic Idiopathic Arthritis and Systemic Lupus Erythematosus 


Macrophage activation syndrome, also referred to as rheuma-associated HLH, is the 
second most common form of sHLH in children and the third most common in 
adults [47, 49]. First line treatment is often corticosteroids in high doses and CSA 
in children [83, 84] as well as in adults [55, 56]. 

Second line treatment for MAS is less well established. Biologic agents include 
IL-1 inhibition (anakinra) for which there are favorable reports published [85, 86]. 
IL-6 inhibition with tocilizumab has also been reported to be efficient in severe, 
persistent systemic JIA [87]. Other treatments for MAS include IVIG, cyclophos- 
phamide, plasma exchange, and etoposide [83]. Treatment of MAS in different con- 
ditions is discussed in detail in other chapters, but etoposide-based treatment of 
MAS 1s also discussed in this chapter. 

The exact role of etoposide in the treatment of MAS remains to be determined. 
In a Chinese study of 32 pediatric and adult patients with SLE-associated MAS all 
patients received corticosteroids, while CSA, cyclophosphamide and etoposide 
were the three most commonly added immunosuppressants, and for 47% of the 
patients IVIG was also administered [88]. Notably, in a large study on 103 episodes 
of MAS in 89 adult patients with SLE, it was concluded that etoposide and 
cyclophosphamide-based regimens had the best efficacy as second line therapy [89]. 
In line, in a report of four children with MAS, three with underlying JIA and one 
with SLE, control of clinical inflammation was achieved in all patients when etopo- 
side treatment was added to the conventional anti-inflammatory treatment [90]. 

In a large multicenter study on 362 patients, Minoia et al. noted that patients who 
received etoposide had more severe disease manifestations and were more likely to 
be admitted to the ICU than those who did not [83]. With the aim to record potential 
predictors of etoposide administration, Horne et al. studied the 40 of these 362 
(11%) patients that were treated with etoposide. Factors significantly associated 
with etoposide administration in multivariate analysis included multiorgan failure 
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(OR 7.9), platelet count < 132 x 10°/L (OR 5.8), triglycerides > 270.8 mg/dL (OR 
3.7), aspartate aminotransferase > 389 units/L (OR 3.7), and fibrinogen < 1.53 g/L 
(OR 2.9). In this study patients treated with etoposide were more severely ill than 
patients who did not receive this medication but, importantly, the mortality rate did 
not differ between the two treatment groups suggesting that etoposide may be part 
of more aggressive therapeutic interventions for severely ill children with MAS 
[91]. Thus, we conclude that it is possible that the full potential of etoposide in 
patients with MAS is not yet fully recognized. One possibility could be to take 
advantage of etoposide as third line therapy in MAS, after corticosteroids and CSA 
as first line therapy and an attempt with biologic agents as second. We strongly 
recommend that in case of insufficient response etoposide be considered promptly 
to take full advantage of its potential, with a dose of 50-100 mg/m? once weekly 
dependent on age and organ function, in combination with corticosteroids. Moreover, 
in MAS patients with CNS affection that may result in rapid CNS destruction eto- 
poside should be considered early. 


Other Forms of Autoimmune Diseases 


The use of etoposide has been reported also in other forms of autoimmune diseases, 
including dermatomyositis [92] and polyarteritis nodosa [93], but here the evidence- 
based knowledge on the value of etoposide is limited, and it should be used with 
caution and only in selected cases. Similarly, we advise caution in the use of etopo- 
side in Kawasaki-associated HLH, both with regard to indication and dosage [94]. 


Other Conditions Associated with HLH 
Transplant-Associated HLH 


In the review by Ramos-Casals et al., transplantation was associated with 95 of the 
altogether 2197 reviewed cases of HLH in adults, of which 53 and 29 patients were 
associated with kidney and hematological transplants, respectively [49]. In a small 
Japanese study, low-dose etoposide (50 mg/m/? per dose) was effective in the treat- 
ment of early-onset HLH following allogeneic SCT, with five out of five treated 
patients responding to one or two doses [95]. In another Japanese study of 37 chil- 
dren with post-HSCT HLH [26 classified as early-onset (onset <30 days after SCT) 
and 11 as late-onset (onset >30 days after SCT)], the authors conclude that early- 
onset post-SCT HLH is a specific entity of HLH and that appropriate diagnosis and 
prompt management needs to be established. However, no statistically significant 
advantage was observed with any treatment, including etoposide, and therefore, 
appropriate treatment for post-SCT HLH deserves further investigation [96]. In a 
prospective study on children and adults, 6/68 (9%) patients developed HLH after 
allogeneic SCT. Four patients received treatment (IVIG or corticosteroids), and 
altogether only one of six survived [51]. 
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Other Conditions 


Etoposide has also been used in severe forms of granulomatous diseases, such as 
Crohn’s disease and systemic Langerhans cell histiocytosis (LCH). For Crohn- 
associated HLH, knowledge of the value of etoposide is limited, and it should be 
used with caution both in regard to indication and dosage. In LCH-associated HLH, 
a recognized form of systemic LCH, treatment with cladribine and cytarabine is 
currently recommended [97]. Finally, there are likely other conditions associated 
with HLH not reported here where etoposide can and has been used, but due to their 
rarity there is limited evidence of the value of etoposide-based treatment. 


Concluding Remarks and Future Directions 


Etoposide in Primary HLH 


In the early 1980s, long-term survival in primary HLH was almost zero [1]. 
Fortunately, thanks to collaborations worldwide and new treatment protocols 
including etoposide, corticosteroids, and SCT, many patients are now long-term 
survivors. The etoposide/dexamethasone-based HLH-94/HLH-2004 protocols have 
dramatically improved survival in this severe condition, which represents one of the 
remarkable developments in pediatric immunology and hematology over the last 
two decades. Moreover, the positive treatment outcomes have also increased the 
awareness of pHLH as well as other forms of CSS. Furthermore, the knowledge 
gained in pediatrics has subsequently greatly influenced the awareness and manage- 
ment of HLH in adults across disciplines. 

The HLH-94/HLH-2004 protocols, with currently around 60% 5-year survival in 
HLH-2004, can likely be improved further by using accumulated clinical knowl- 
edge, by improving CNS-HLH therapy and monitoring, and by adapting to modern 
diagnostics, data on risk factors and to the increasing number of patients diagnosed 
with secondary HLH, as well as by revising SCT guidelines and salvage recommen- 
dations [42]. 

Data from the HLH-2004 study suggest that the treatment may benefit from 
being more individualized, such as stratifying treatment by risk factors, etc. Notably, 
the HLH-2004 study also indicates that the treatment should not be reduced and 
tapered during the end of the first 8-week period as in the HLH-2004 protocol but 
instead a moderate treatment until SCT should be maintained. Moreover, in the 
HLH-2004 study there was an overrepresentation of deaths after the first 100 days 
in patients whose HLH initially resolved but subsequently had a reactivation, stress- 
ing the importance of acute/subacute SCT for these patients [42]. Notably, if using 
the HLH-2004 protocol, it is suggested to initiate CSA not earlier than 2 weeks after 
start of therapy instead of up front. However, the HLH-94 protocol is the currently 
recommended standard of care. 
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Etoposide in Secondary HLH 


Over the last decade, the interest in sHLH has increased remarkably. Nevertheless, 
much remains to be learned about sHLH, including what the best treatment is in 
various conditions and the role of etoposide. It has become obvious that adults with 
HLH should be treated differently than children but also that the many different 
forms of HLH may need different therapeutic approaches. This situation, in particu- 
lar, if the underlying condition is unknown, makes the choice of initial therapy even 
more challenging. 

Some of many remaining questions for future research include which the optimal 
treatments are for different forms of sHLH, in children as well as adults, and what 
the role of etoposide is in the treatment of sHLH, how it should be dosed in different 
conditions, and how frequently and for how long it should be administered. 
Furthermore, it would be valuable to have markers which reliably monitor HLH 
activity to assist in these therapeutic decisions. 
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Randy Q. Cron 


Interleukin-1 (IL-1) 


Cytokines are substances, such as growth factors, interferons, and interleukins, 
which are secreted by cells in the immune system to influence other cells. 
Interleukins, as the name implies, are glycoproteins that regulate immune response 
by communicating between white blood cells. Interleukin-1 (IL-1) was one of the 
first cytokines described in the immune system, over 40 years ago [1], as it plays a 
central host defense role against infection. IL-1, formerly known as endogenous 
pyrogen for its fever inducing effect, is a representative of the 11-member IL-1 fam- 
ily of cytokines [2]. In addition, there are ten unique IL-1 receptor (IL-1R) family 
members that can result in either pro- or anti-inflammatory functions upon binding 
IL-1 family members depending on the individual receptor and its co-receptor, mak- 
ing for a highly complex system of signaling. IL-1œ and IL-1 are two distinct gene 
products located adjacent to one another on the long arm of chromosome 2. Their 
regulation differs, but both are able to bind IL-1R1 and the natural inhibitor of both, 
IL-1R antagonist (IL-1Ra) (Fig. 1) [2]. 

IL-1 has been termed a gatekeeper of inflammation and is involved in the patho- 
physiology of a variety of autoinflammatory diseases [3]. Monocytes/macrophages 
are a primary source of IL-18, and IL-1 activity is tightly controlled and dependent 
on the conversion of an inactive precursor to an active cytokine by limited proteoly- 
sis. IL-1B can be processed intracellularly by caspase-1, which is activated by the 
inflammasome, a multiprotein complex that detects pathogenic organisms as well as 
sterile stressors to the cell [2]. The protein, NURP3 (cryopyrin) is important for the 
assembly of this complex, and hyper-activating mutations in NLRP3 can lead to 
excess IL-1 activity, resulting in a family of autoinflammatory disorders ranging 
from familial cold urticaria to Muckle—Wells syndrome to the severest form, 
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Fig. 1 IL-1 family member biology. The producers of and responders to IL-1 family members are 
numerous and complex; this figure illustrates some of the main actors in IL-1 family member biol- 
ogy. IL-1B and IL-18 are released from myeloid cells after activation of the inflammasome. IL-33, 
normally retained in the nucleus, is released by endothelial or epithelial cells after necrotic cell 
death. Each of the cytokines are then sensed by their respective receptors on CD4+ and CD8+ 
T-cells resulting in activation of the transcription factor NF«B. Additionally, soluble inhibitors of 
each of these cytokines are produced which displace binding of the cytokine to its receptor: IL-1 
receptor antagonist (IL1-RA) for IL-1B, IL-18 binding protein (IL-18BP) for IL-18, and soluble 
ST2 receptor (sST2) for IL-33. Figure courtesy of Dr. Ed Behrens, University of Pennsylvania 


neonatal onset multisystem inflammatory disease (NOMID) [4]. NOMID can be 
quite devastating to infants primarily affecting the central nervous system, the 
bones/joints, and the skin. Fortunately, IL-1B blockade by monoclonal antibody, 
IL-1R fusion protein, or recombinant human IL-1Ra (rhIL-1Ra) has revolutionized 
the care of individuals with cryopyrinopathies [4]. 

Another more common autoinflammatory disorder of childhood responsive to 
IL-1 blockade is systemic juvenile idiopathic arthritis (sJIA). sJIA affects approxi- 
mately 1 in 10,000 children worldwide and is characterized clinically by high spik- 
ing fever, evanescent salmon-colored rash, arthritis, adenopathy, and occasionally 
serositis [5]. This used to be a quite devastating disease of childhood until it was 
found that large amounts of IL-1B were released by sJIA patient peripheral blood 
mononuclear cells, and IL-1Ra could dramatically treat children with refractory 
sJIA [6]. Initial treatment of sJIA patients with rIL-1Ra was also shown to improve 
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outcomes and reduce the requirement for corticosteroid use [7]. Eventually, ran- 
domized and blinded, placebo-controlled clinical trials with various IL-1 inhibitors 
bore out these initial anecdotal experiences [8—10]. IL-1 blockade, along with IL-6 
blockade, have revolutionized the care of children with sJIA [11]. 

Children with sJIA are prone to develop a sometimes fatal cytokine storm syn- 
drome (CSS) termed macrophage activation syndrome (MAS) or secondary hemo- 
phagocytic lymphohistiocytosis (SHLH) [12]. Seven to ten percent of sJIA patients 
will develop overt MAS, while another 30-40% will manifest with subclinical or 
occult MAS which can progress to multi-system organ failure [13, 14]. Those sJIA 
patients who are prone to MAS development frequently possess heterozygous muta- 
tions in known familial HLH genes involved in the perforin mediated cytolytic 
pathway (e.g., PRFI, UNC13D) employed by CD8 T cells and natural killer (NK) 
cells [15, 16]. This suggests some shared genetic risk factors for CSS/MAS in those 
with sJIA and other forms of sHLH/MAS [17]. Heterozygous defects in HLH genes 
have been shown to disrupt NK cell lytic activity by partial [17, 18] and complete 
dominant negative [19], and hypomorphic effects, including those with sJIA [20]. 
Defective cytotoxic killing of antigen presenting cells (APC) by lymphocytes has 
been shown to lead to prolonged interaction of the lytic lymphocyte and the APC 
resulting in a pro-inflammatory CSS [18, 21]. 

As CSS resembles MAS in sJIA patients, and sJIA patients were originally shown 
to be responsive to IL-1 blockade, rhIL-1Ra was employed as treatment for a severe 
CSS in a child with cytophagic histiocytic panniculitis [22]. This was the first explicit 
use of rhIL-1Ra reported to successfully treat CSS/MAS, and subsequently rhIL- 
1Ra was shown to effectively treat refractory MAS in another dozen patients with 
primarily rheumatic disorders, such as sJIA [23]. Since then, there have been numer- 
ous case reports and series of patients effectively treated with rhIL-1Ra for CSS/ 
MAS/sHLH with etiologies ranging from sJIA to adult onset Still disease (Table 1), 
to systemic lupus erythematosus (Table 2), to autoinflammatory conditions (Table 3), 
to secondary infections in HIV/AIDS patients (Table 4). Moreover, a retrospective 
review of a large clinical trial in sepsis revealed that high dose rhIL-1Ra markedly 
improved survival in sepsis patients with features of MAS, namely hepatobiliary 
dysfunction and disseminated intravascular coagulopathy (Table 4) [24]. Thus, rhIL- 
1Ra therapy was anecdotally reported to effectively treat CSS in a variety of infec- 
tious and rheumatic disorders. Currently, a randomized, double-blind, placebo 
controlled clinical trial is underway to evaluate rhIL-1Ra treatment for children and 
adults with sHLH/CSS [ClinicalTrials.gov Identifier: NCT02780583]. 


Interleukin-18 (IL-18) 


In 2014, activating mutations in the NLRC4 inflammasome component were demon- 
strated to lead to an autoinflammatory syndrome [25, 26], including an infant with 
recurrent MAS [27]. This child only partially responded to rhIL-1Ra treatment but 
was found to have very elevated serum IL-18 levels and was successfully treated with 
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Table 1 Effectiveness of anakinra in treating CSS as part of sJIA and AOSD 
Ages 
(years) | Disease | Infectious trigger | Co-therapy Outcome References 
13 sJIA ND CS, IVIG, CsA Resolution [39] 
32 AOSD |ND CS Resolution [40] 
1-17 sJIA (8) | ND CS, IVIG, CsA Resolution [23] 
+/— VP16 or 
etanercept 
8—12 sJIA (2) | ND CS Resolution [41] 
20 AOSD |ND CS Resolution [42] 
11 sJIA ND CS, IVIG, CsA Resolution with [43] 
(MRSA later) high dose anakinra 
1-17 sJIA ND CS (10), CsA (8), PP | Resolution (9) [44] 
(10) (2), canakinumab (4), | Survival (10) 
anakinra (5) 
30 AOSD/ | ND CS, CsA Resolution [45] 
PAH 
19-70 | AOSD | Histoplasmosis | CS (7), CsA (3), MTX | Improved (7) [46] 
(7) (1) (2), anakinra (5) Survival (7) 
1-16 sJIA ND CS, CsA Resolution (11) [47] 
(11) 

34 AOSD |ND CS Resolution [48] 
28 AOSD | Mycoplasma AZ, CS Improved and [49] 
pneumonia home 
25 AOSD | EBV CS, CsA, RTX Resolution after [50] 

CsA/RTX 
42 AOSD |ND CS, CsA Resolution with [51] 
high dose anakinra 
0.5-16 | sJIA ND CS (13), PP (6), IVIG | Resolution (13), 2 | [52] 
(13) (2), CsA (11), anakinra | flared with 


(13) 


Abbreviations: AOSD adult-onset Still disease, AZ azithromycin, CS corticosteroids, CsA cyclospo- 
rine A, CSS cytokine storm syndrome, IVIG intravenous immunoglobulin, MRSA methicillin resistant 
Staphylococcus aureus, MTX methotrexate, ND none detected, PAH pulmonary artery hypertension, 
PP plasmapheresis, RTX rituximab, sJIA systemic juvenile idiopathic arthritis, VP/6 etoposide 


anakinra tapering 


addition of recombinant human IL-18 binding protein (IL-18BP) [28]. rhIL-18BP is 
naturally occurring and analogous to rhIL-1Ra in blocking IL-18 and IL-1 function, 
respectively (Fig. 1). IL-18 is a member of the IL-1 superfamily and analogous to 
IL-1 is first synthesized as an inactive precursor and is activated following cleavage 
by caspase-1 [2]. Unlike, IL-1, however, IL-18 does not trigger fever [29]. Thus, 
despite overlapping features and functions, IL-18 has unique features from IL-1. 

In the presence of IL-12 or IL-15, IL-18 induces interferon-gamma (IFNy) in NK 
cells, CD4 T cells, and CD8 T cells [29]. IFNy is believed to a major driver of CSS/ 
HLH in animal models and in humans, and a recent case report depicted the benefit 
of anti-IFNy (emapalumab) in treating refractory HLH [30]. A recent clinical trial of 
emapalumab in treating HLH has resulted in FDA approval for this indication [31]. 
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Table 2 Effectiveness of anakinra in treating CSS associated with autoimmune conditions 


Age Infectious 

(years) | Disease trigger Co-therapy Outcome References 

14 CHP ND CS, CsA, VP16 Resolution [22] 
(one dose) 

13 ARF (1) ND (4) CS, CsA, IVIG Resolution (4) [23] 

5 KD (1) Cs, CsA, VP16 

0.5 ANCA CS, IVIG 

6 vasculitis (1) CS, IVIG 

Churg—Strauss 
vasculitis (1) 

12 JDMS ND CS, CsA, IVIG, Improvement with | [53] 
VP16, MTX anakinra 

0.25 KD ND CS, IVIG, infliximab | Resolution with [54] 
(one dose) high dose anakinra 

18 SpA, uveitis ND CS, CsA Resolution [18] 

1.5 SpA, uveitis ND CS, CsA Resolution [55] 

37 SLE ND CS, CsA Resolution [56] 

5-15 SLE (6) ND CS (6), CsA (4), Resolution (2/2 on | [47] 
IVIG (2), VP16 (3), | anakinra) 
PP (2) 


Abbreviations: ANCA anti-neutrophil cytoplasmic antibody, ARF acute rheumatic fever, CHP 
cytophagic histiocytic panniculitis, CS corticosteroids, CsA cyclosporine A, IVIG intravenous 
immunoglobulin, KD Kawasaki disease, MTX methotrexate, ND none detected, PP plasmaphere- 
sis, SLE systemic lupus erythematosus, SpA spondyloarthritis, VP/6 etoposide 


Table 3 Effectiveness of anakinra in treating CSS secondary to genetic autoinflammatory 
conditions 


Ages Infectious 
(years) | Disease trigger Co-therapy Outcome References 
12 CAPS ND CS Resolution [57] 
1 HIDS ND none Resolution [58] 
0.1 NLRC4 Parainfluenza | CS, CsA, infliximab, | Resolution on [28] 
mutation vedolizumab, combined anakinra 
rhIL-18BP and rhIL-18BP 
0.1 NLRC4 ND CS, CsA, rapamycin | Resolution [59] 
? CAPS (1) | ND CS Resolution [52] 
HIDS (1) 


Abbreviations: CAPS cryopyrin-associated periodic fever syndrome, CS corticosteroids, CsA cor- 
ticosteroids, HIDS hyper-IgD syndrome, ND none detected, NLRC4 Nod-like receptor family 
CARD domain containing 4, rhIL-I8BP recombinant human interleukin-18 binding protein 


IL-18 has also been shown to promote murine and human MAS demonstrating the 
pathogenicity of free (unbound) IL-18 [32, 33]. In addition, free IL-18 concentra- 
tions correlated with clinical status in sHLH/MAS patients [34], and IL-18 levels 
were predictive of MAS in children with sJIA [35]. Therefore, blockade of IL-18 
may take on a more prominent role in treating a range of CSS. 
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Table 4 Effectiveness of anakinra in treating CSS secondary to infections or other conditions 


Ages 
(years) 
6 

15 
20 
13 

15 
21 

11 

8 

9 


63 
44 
18-75 


20-58 


18-71 


46 
51 


Disease 


None 


XHIM 

None 

None 

None 

Renal 
transplant/SLE 
None 

Liver transplant 
None 


Renal transplant 
None 


HBD/DIC (43) 
in sepsis clinical 
trial 

8 patients in 
ICU with HLH, 
HSCT/GVHD 
(1), lung 
transplant (1), 
ALL (1), AID 
(1) 

AOSD (3) 
SLE (2) 
lymphoma (2) 
CVID (1) 

RA (1) 

CLL (1) 

UC (1) 

none (1) 
ANCA 
vasculitis (1) 
HIV/AIDS 


Renal transplant 
recipient 


Infectious 
trigger 


Parvovirus B19 


Histoplasma 
capsulatum 
Mycobacterium 
avium 

None 

None 

Varicella zoster 
Candida 
sphaerica 

EBV 

None 


Erlichiosis 
CMV 


Various forms 
of sepsis 


EBV (1) 


HSV1, CMV 
URI (1) 
Rotavirus (1) 
cholangitis 
Histoplasmosis 
none 

EBV 
Legionella 
CMV 


Histoplasmosis 
None 


Co-therapy 
CS, CsA, IVIG 


CS (6), IVIG 
(5), anakinra (8) 


Doxycycline, CS 
Ganciclovir, CS 
Anakinra (26) 
versus placebo 
(17) 

CS (5), IVIG 
(7), anakinra (8) 


Anakinra (13), 
CS (12), CsA 
(11), IVIG (12), 
tocilizumab (2) 


IVIG 
CS, CsA, PP 


Outcome 
Resolution 


Resolution (7) 
One last onset 


death awaiting bone 


marrow 
transplantation 
(patient with 
Candida) 


Resolution 
Resolution 


Survival: 65% 
anakinra 35% 
placebo 


50% survival 


Survival: 
69% 


Resolution 
Resolution 


References 
[60] 
[61] 


[62] 
[63] 
[24] 


[64] 


[65] 


[66] 
[67] 


Abbreviations: ALL acute lymphoblastic leukemia, ANCA anti-neutrophil cytoplasmic antibody, 
CLL chronic lymphocytic leukemia, AOSD adult onset Still disease, CMV cytomegalovirus, CS 
corticosteroids, CsA cyclosporine A, CVID common variable immunodeficiency, DIC dissemi- 
nated intravascular coagulation, EBV Epstein-Barr virus, GVHD graft versus host disease, HBD 
hepatobiliary dysfunction, HLH hemophagocytic lymphohistiocytosis, HSCT hematopoietic stem 
cell transplant, HSV/ herpes simplex virus 1, HIV/AIDS human immunodeficiency virus/acquired 
immune deficiency syndrome, /CU intensive care unit, IVIG intravenous immunoglobulin, PP 
plasmapheresis, RA rheumatoid arthritis, SLE systemic lupus erythematosus, UC ulcerative colitis, 


URI upper respiratory infection, XHIM X-linked immunodeficiency with hyper-IgM 
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Interleukin-33 (IL-33) 


IL-33 is another IL-1 family member with close homology to IL-1, and it is consid- 
ered an alarmin that is released as an active precursor upon cell damage [2]. IL-33 
differs from IL-1 as it can act, depending on context, as either anti- or pro- 
inflammatory in nature [2]. In a pro-inflammatory setting, IL-33 binds the ST2 
receptor which signals via MyD88, IL-1 receptor activated kinases (IRAKs), and 
the inflammatory transcription factor, NFKB (Fig. 1) [2]. A murine model of HLH 
showed a role for MyD88-dependent ST2 in disease, and demonstrated that block- 
ing IL-33 signaling via monoclonal antibody directed against ST2 improved sur- 
vival and the severity of multiple disease manifestations [36]. Moreover, in the long 
term ST2 blockage results in CD8 T cell exhaustion that does not alter mortality in 
the HLH murine model arguing for early use on ST2 blockade in CSS [37]. Thus, 
disruption of signaling of another IL-1 family member, IL-33, may be an option in 
treating CSS. Overall, these targeted (anti-cytokine) approaches to treating CSS are 
likely to be far less toxic then current chemotherapeutic approaches [38]. Identifying 
the correct target for individual patients remains the next challenge. 


Summary Although CSSs are frequently fatal, in part from the disease process but also secondary 
to broad immunosuppression used during treatment, novel approaches of targeting pro-inflammatory 
cytokines are being explored. Members of the IL-1 superfamily, including IL-1, IL-18, and IL-33 
are being explored clinically and/or in murine models of CSS. IL-1 blockade seems like promising 
therapy for CSS, particularly in the setting of children with sJIA. Similarly, targeting IL-18 may be 
an important therapeutic option for certain genetic inflammasomopathies, such as activating 
NLRC4 mutations. Finally, murine models of CSS suggest disrupting IL-33 signaling dampens 
disease parameters and increases survival. Knowing which cytokine, or combinations of cytokines, 
to target for individual patients will keep physician-scientists busy for some time to come, yet cyto- 
kine blockade for frequently fatal CSS has shown some early promising results. 
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Interleukin-6 (IL-6) has gained attention as a key node in certain cytokine storm 
syndromes (CSS). Originally described as B-cell differentiation factor 2 (BSF-2) and 
Macrophage and granulocyte inducing factor 2 (MGI-2), IL-6 has prominent pro- 
inflammatory and pyrogenic properties [1-3]. The receptor for IL-6 is complex and 
allows for several signaling configurations. The IL-6 receptor (IL-6R) is a relatively 
small immunoglobulin like receptor with a conserved WSXWS motif along with four 
conserved cysteine residues in the extracellular portion. The intracellular portion was 
shown to be unnecessary for signal transduction, and led to the discovery of the het- 
erodimeric partner to the IL-6R, gp130 [4, 5]. IL-6 can thus signal through two main 
configurations, referred to as trans- or cis-signaling [6]. In cis-signaling, the cell 
expresses the IL-6R and gp130 in a complex, and signal transduction is mediated by 
binding of IL-6 to the IL-6R. In trans-signaling, IL-6 binds to a soluble form of the 
IL-6R (sIL-6R) forming a soluble complex that can then bind to a dimer of gp130 on 
a cell surface; thus mediating IL-6 signaling in a cell which does not express the 
IL-6R (Fig. 1) [1]. Baseline proteolytic cleavage of the surface receptor by ADAM10 
results in tonic levels of circulating s[L-6R, whereas high levels can be induced by 
cleavage via ADAM17 [7]. Internally, IL-6 signals via the Janus Activated Kinase 
(JAK) and signal transducer and activator of transcription (STAT) pathways, particu- 
larly STAT3 [1]. IL-6 signaling can thus be targeted by inhibiting IL-6 levels, block- 
ing the IL-6 receptor, blocking gp130 or by targeting JAK-STAT signaling (Fig. 1). 
IL-6 has been known to be elevated in HLH, reaching levels of greater than 
100 pg/mL in plasma of patients with primary hemophagocytic lymphohistiocytosis 
(pHLH) or Epstein-Barr virus (EBV) driven secondary HLH (sHLH) [8, 9]. It was 
not shown to be specific for HLH, however, despite its consistent elevation. Several 
studies of biomarkers for HLH/MAS (macrophage activation syndrome) have honed 
in on the combination of interferon-gamma (IFNy) and interleukin-10 (IL-10) as 
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Fig. 1 Inhibition of IL-6 cis- and trans-signaling 


being specific and sensitive for HLH/MAS rather than IL-6, which can be elevated in 
sepsis or non-septic infection [10, 11]. Targeting IL-6 with tocilizumab, an anti- 
IL-6R monoclonal antibody, has been used in HLH and related syndromes with 
mixed results. For the MAS associated with systemic juvenile idiopathic arthritis 
(sJIA), tocilizumab and IL-6 blockade successfully masked clinical symptoms such 
as fever but did not alter the acute disease course [12]. Tocilizumab was used safely 
for the chronic management of sJIA, though again did not prevent or alter MAS flares 
based on serum biomarkers though it could mask clinical symptomatology [13, 14]. 

Tocilizumab has also been used for sHLH management, as in Leishmaniasis- 
induced sHLH [15]. Again in this case, clinical symptoms of MAS were masked 
(such as fever) until the underlying trigger (infection) was resolved. In modern-day 
cellular therapy for cancer and immune-modulatory therapies, sHLH has been 
recognized as a potentially life threatening consequence that is referred to as cyto- 
kine release syndrome (CRS) [16, 17]. Blinatumomab 1s a bi-specific T cell engager 
(BiTe) that recognizes CD3 on one end and CD19 on the other, making it an attrac- 
tive therapy for relapsed and refractory CD19-positive acute lymphoblastic leuke- 
mia (ALL) [18]. Patients have been recognized to have a SHLH response during the 
blinatumomab administration, characterized by elevated acute phase reactants and 
elevated IL-6 levels. Clinical symptoms of these patients improve with tocilizumab 
administration, including prompt resolution of fever and hemodynamic stabilization 
(Table 1) [16, 19, 20]. 
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Table 1 Potential and Therapeutic | Mechanism References 
comes pee a a Tocilizumab | Anti-IL-6 receptor antibody [3] 
targeting the IL-6 pathway Txi rere . 4 

for treatment of cytokine Siltuximab nti-IL-6 antibody [34] 

storm syndrome Sgp130-Fc | Inhibition of IL-6 trans-signaling | [50] 


Ruxolitinib | Inhibition of JAK/STAT signaling | [55] 


Chimeric antigen receptor (CAR) T cell therapy for ALL has also been described 
to induce a life-threatening cytokine release syndrome (CRS)/sHLH [17]. In this 
therapy, T cells from a cancer patient are collected via apheresis, modified in the 
laboratory to express the CAR, and then reinfused into the patient [21]. The CAR 
consists of an extracellular binding domain (often a single chain variable fragment 
of an antibody recognizing CD19), an endodomain consisting of the intracellular 
transactivation motif from the CD3 zeta chain and a second domain from a costimu- 
latory molecule such as CD28 or 4-1BB [21]. When the CAR T cells engage in 
leukemia killing, they proliferate and secrete pro-inflammatory cytokines such as 
IFNy and tumor necrosis factor (TNF) [22, 23]. Early CAR T cell trials did not show 
much in the way of clinical activity, with no sustained remissions and also very little 
toxicity [24, 25]. It was the first report of two children with ALL treated with anti- 
CD19 CAR T cells in 2013 that first described accurately the sHLH from CAR T 
cell therapy and the use of IL-6 blockade for treatment [17]. In this report, a child 
with ALL was treated with CAR T cells and shortly thereafter became febrile, coag- 
ulopathic, hyperferritinemic, and hypertriglyceridemic, and developed organomeg- 
aly, capillary leak syndrome, and hypotension. Laboratory markers showed a 3—4 
logo elevation in IL-6 levels over baseline. Treatment with systemic corticosteroids 
and etanercept (a TNF blocking agent) did not result in clinical improvement; how- 
ever, treatment with tocilizumab promptly resolved the fever and other clinical 
symptoms [5, 17]. A toxicity management strategy was then developed and applied 
to other CAR therapy trials with similar results [26, 27]. Long term follow up 
reports show that toxicity from sHLH from CAR T cell therapy can be successfully 
managed with tocilizumab, augmented with corticosteroids in severe cases [28, 29]. 
A challenge to understanding the incidence of toxicity, which ranges from 21 to 
64%, is the use of multiple grading scales for cytokine release syndrome [30, 31]. 
The recent FDA approval of a CAR T cell therapy for ALL (tisagenlecleucel, 
Kymriah) from Novartis was accompanied by the announcement of the approval of 
tocilizumab for use in CRS management, recognizing the indispensable role of IL-6 
blockade in safely treating CAR CRS. 

Understanding the kinetics and measurement of IL-6 in CAR mediated sHLH is 
a challenge. Different CAR products may produce different cytokine kinetics, dif- 
ferent onset of clinical symptoms, and respond differently to therapy [20, 29, 32, 33]. 
The use of tocilizumab or siltuximab (anti-[L-6 monoclonal antibody) (Table 1) can 
potentially impede the accurate clinical measurement of IL-6 and sIL-6R [34, 35]. 
The first report of a prospectively validated biomarker profile for sHLH from CAR 
T cell therapy was in 2016, and among the models one of the most highly predictive 
was a combination of high disease burden and early elevation of soluble gp130 [36]. 
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One of the challenges in this field is that patients become clinically ill before 
obvious serum biomarkers such as IL-6 rise to notable levels, so a predictive model 
that allows for identifying patients which would benefit from early intervention is 
highly desirable. Other biomarkers such C-reactive protein and ferritin often trail 
the clinical onset of symptoms [36-38]. 

Modeling CAR mediated CRS in animals is challenging. Many of the preclinical 
models were xenografts, using immunodeficient mice and human leukemia and T 
cells [22, 39]. Missing from these models was any hint of sHLH, likely because the 
mice are lacking any other aspect of a competent immune system. Fully murine 
models of CAR therapy were notable for their relatively disappointing efficacy in 
the late 2000s, and with transient disease response came no toxicity [40]. HLH in 
mice is possible in other settings, however, including a fatal model of HLH in trans- 
genic mice (expressing IL-3, GM-CSF, and SCF) engrafted with human cord blood 
[41]. In this model, there is evidence for a myeloid cell based source for IL-6 and 
toxicity, and survival is enhanced by myeloid depletion (via gemtuzumab, an anti- 
CD33 monoclonal antibody) and IL-6 blockade (via tocilizumab). This is similar to 
reports of systemic MAS/sHLH in patients receiving T-replete stem cell transplants, 
in which IL-6 blockade can help alleviate symptoms [42, 43]. A true animal model 
of CAR CRS/sHLH, however, remains to be developed. Contrary to early conven- 
tional wisdom, the CAR T cells do not seem to be the source of IL-6 [44]. Rather, 
as we might expect from the animal models, it appears CAR T cells killing target 
cells induce IL-6 release from bystander myeloid lineage cells. This is also consis- 
tent with an earlier report of MAS pathology in pHLH, in which immunohistochem- 
istry demonstrated CD8 T cells in the liver secreting IFNy and CD68 macrophages 
secreting IL-6 and TNF [45]. Until mouse models of CAR T cell therapy increase in 
potency to demonstrate toxicity or humanized mice can be used to distinguish 
allograft toxicity from sHLH, we will have many unanswered questions about the 
mechanism of IL-6 release in CAR CRS. 

Siltuximab (CNTO 328) is a human IL-6 neutralizing antibody that is FDA 
approved for use in multicentric Castleman’s disease [46]. There are no published 
reports of its use for pHLH or sHLH, though it has been used alone and in combina- 
tion as an antitumor agent [47]. While its antitumor efficacy is worthwhile, its utility 
or efficacy in blocking CSS remains to be seen. 

Targeting gp130 is difficult, in part because it is acommon subunit to many cyto- 
kines (IL-6, IL-11, oncostatin M, etc.) [2]. Nevertheless, in a mouse model of hyper- 
inflammation (drug induced pancreatitis) soluble gp130 (sgp130) was found to be 
effective in controlling symptoms and prolonging survival [48]. There are several 
forms of naturally occurring sgp130, which may have different potency or function 
[49]. Development of a sgp130-Fe chimeric protein results in a specific inhibitor of 
IL-6 trans-signaling (Table 1) [50]. Clinical trials with this agent are planned or 
underway in Europe [50]. 

Targeting the JAK-STAT pathway is another possible way to ameliorate IL-6 toxic- 
ity. Ruxolitinib is a targeted JAK inhibitor heavily studied for effects on cancer cells 
and in myelofibrosis (Table 1) [51]. In two mouse models of HLH, it was effective in 
reducing pro-inflammatory cytokine secretion and T cell proliferation [52, 53]. This 
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included a perforin-deficient mouse infected with LCMV and the C57B6 mouse stimu- 
lated with CpG. The anti-T cell proliferative effects make using ruxolitinib in T cell 
immunotherapy problematic, but its potential efficacy warrants further investigation. 
There are two case reports of ruxolitinib in patients with refractory sHLH. In one report 
the laboratory values improved, but the patient did not survive, and in the other the 
patient improved with ruxolitinib as part of a multimodality therapy regimen [54, 55]. 

In summary, IL-6 is a potent inflammatory cytokine that can mediate systemic 
illness in sHLH, particularly in CAR T cell therapy. Blockade of IL-6 with tocili- 
zumab is safe and effective as long as the underlying trigger of sHLH resolves. 
Targeting IL-6 via other mechanisms, such as with direct IL-6 binding with siltux- 
imab or blockade of gp130, is being pursued in the clinic and the lab. Given the 
significance of immune-based therapies for cancer and the need to safely deliver 
them, much more investigation needs to be done. 
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Cytokine storm syndromes (CSS) are classical examples of hyperinflammation. In 
hyperinflammation, activation of the inflammatory response in an excessive manner 
(involving both innate and adaptive immune cells) consequent to a reasonable stim- 
ulus to do it (e.g., viral infection) leads to damage to the host. As described in other 
chapters, HLH is characteristically associated with excessive activation and expan- 
sion of T cells and macrophages. A vast body of evidence provides support to a 
central role of exaggerated production of IFN-y in causing hypercytokinemia and 
signs and symptoms of HLH. Emapalumab, an antibody against IFN-y, has been 
recently approved by the Food and Drug Administration of the USA in treatment- 
experienced pHLH patients (see below). At present emapalumab is being further 
evaluated in p-HLH, including first-line (NCT03312751 and NCT03312751), and 
in MAS inthe context of systemic juvenile idiopathic arthritis (sJIA) (NCT03311854). 
Two additional antibodies to IFN-y, fontolizumab and AMG-811, have been gener- 
ated. These have not been investigated in HLH, and their development has been 
terminated. In this chapter we do the following: 


1. Discuss briefly the roles of IFN-y in innate and adaptive immunity and in host 
defense. 

2. Summarize results from animal models of primary and secondary HLH with a 
particular emphasis on therapeutic approaches. 

3. Review data on biomarkers associated with IFN-y elevation. 

4. Discuss initial efficacy and safety results of IFN-y neutralization in humans. 
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IFN-y: Effects on Innate and Adaptive Immunity 


Interferons (IFN) are a family of cytokines that have been identified through their 
central role in response to viral infections. IFN-y (also known as type II IFN or 
immune IFN) is a pleiotropic cytokine that, differently from other IFNs, plays a 
central role in immune system signaling, modulating innate and adaptive immune 
responses to viral and bacterial challenges [1]. IFN-y is secreted predominantly by 
T cells and NK cells [2]. IFN-y signals as an antiparallel homodimer through the 
high-affinity (IFN-yR1) and low-affinity (IFN-yR2) receptors [3, 4]. While the 
IFN-y receptor œ chain is required for ligand binding and signaling, the IFN-y 
receptor B chain is required primarily for signaling [3, 4]. These receptors are pres- 
ent on a very wide range of immune system and other cells, including CD4+ and 
CD8+ T cells, B cells, NK cells, plasmacytoid dendritic cells (DCs), macrophages, 
platelets, eosinophils, phagocytes, astrocytes, endothelial and epithelial cells, 
hepatocytes, fibroblasts, and keratinocytes [4]. 

In NK cells, interleukin (IL)-12 and type I IFN induce IFN-y expression through 
pathways acting on the transcription factor STAT4 [5]. Production and release of 
IFN-y by NK cells is typically stimulated by the combination of IL-12 and IL-18 
[6]. Also in CD8+ T cells and CD4+ T helper cells the combination of IL-12 and 
IL-18 promotes production and release of IFN-y [2]. It is important to note that 
neither IL-12 nor IL-18 alone are sufficient to induce elevated production of IFN-y 
from NK cells. 

IFN-y has been demonstrated to have a key role in TLR responses and on M1 
macrophage differentiation and subsequent cytokine production. It induces 
expression of IRF1 and IRF5 [7]. These regulatory factors stimulate the expres- 
sion of genes encoding pro-inflammatory cytokines, such as IL-1B, IL-6, IL-12, 
and IL-23, as well as suppress expression of the anti-inflammatory cytokine 
IL-10 [8-10]. IFN-y promotes antimicrobial activity via upregulation of microbi- 
cidal gene products enhances macrophage phagocytic ability and it is pivotal in 
granuloma formation [7, 11, 12]. 

IFN-y also affects the early phases of the adaptive immune response by promot- 
ing DC maturation and T cell differentiation [13, 14]. It plays an important role in 
driving Th1 responses, repressing the development of Th2 and Th17 T cell responses. 
It directly affects adaptive immunity also by promoting lymphocyte recruitment to 
germinal centers [15]. IFN-y then promotes immunoglobulin G class switching 
from IgG, to IgG; [12, 16]. 


IFN-y: Role in Defense from Infections 


As outlined above, IFN-y has several effects on innate and adaptive immune 
response. When therapeutic neutralization of IFN-y is applied to humans, it 1s 
important to know the evidence supporting its role in defense from infections. 
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Studies in animal models have provided evidence for a role of IFN-y in some 
types of infections. Cytokines released from macrophages have been shown to play 
a key role in host defense against Salmonella infection [17]. IFN-y increases produc- 
tion of IL-1 and IL-2, which is inhibited by S. typhi, as well as of TNF. IFN-y defi- 
cient mice develop disseminated infection after Salmonella challenge, and this does 
not occur in wild-type mice [18]. IFN-y deficient mice fail to increase the numbers 
of CD4+ and CD8-+ cells in the gut and to upregulate the expression of major histo- 
compatibility complex II adhesion molecules following Salmonella challenge [18, 
19]. IFN-y, inhibited CMV plaque formation, even more when in combination with 
IFN-o plus IFN-B [20]. IFN-y knockout BALB/c mice infected with CMV have 
higher viral load and indeed develop more severe disease with a full spectrum of 
symptoms and laboratory abnormalities, including splenomegaly, coagulopathy, 
hemophagocytosis, and cytopenia [21]. It has also been shown that mice incapable of 
synthesizing IFN-y do not produce reactive nitrogen intermediates and are unable to 
restrict the growth of Mycobacterium tuberculosis. These mice exhibit increased tis- 
sue necrosis and have a rapidly fatal course of tuberculosis [22]. IFN-y is also essen- 
tial for induction of protective anti-microsporidial immunity in animals [23]. 

More relevantly, information on the role of IFN-y in the defense from infections 
is also provided by data in humans. Humans with genetic mutations leading to 
IFN-y receptor deficiency characteristically have increased susceptibility to typi- 
cal and atypical mycobacterial infections, as well as reactivation of Varicella zos- 
ter virus [24—26]. Infections with CMV, herpes simplex virus, Varicella zoster 
virus, respiratory syncytial virus, parainfluenza virus type 3, and Salmonella have 
also been reported in patients with missing or partially defective IFN-y receptors 
[24, 27]. In contrast, individuals with IFN-y signaling deficiencies do not have 
elevated frequency of infections caused by extracellular bacteria and, usually, have 
only limited symptoms after infections by common exanthematous viruses, includ- 
ing chicken pox and measles [28]. Similarly, individuals with autoantibodies to 
IFN-y are also at increased risk for the development of infections caused by myco- 
bacteria and have more frequent herpes zoster reactivations [29, 30], while other 
infections have a normal course. 


Neutralization of IFN-y in Animal Models of HLH 


In healthy mice, the injection of IFN-y directly causes activation of macrophages 
with hemophagocytosis and anemia, demonstrating a direct effect of IFN-y in the 
absence of other inflammatory stimuli [31]. In several murine models of CSS dem- 
onstration of increased IFN-y production and reversal of disease features following 
IFN-g neutralization has been observed [32-37] (summarized in Table 1). Perforin- 
deficient mice when infected with lymphocytic choriomeningitic virus (LCMV) 
develop HLH and invariably die. Administration of an antibody directed to IFN-y 
reversed mortality and clinical and laboratory features of HLH, indicating that 
IFN-y was essential for the development of the disease [38]. Depletion of CD8+ 
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Table 1 Murine models of CSS in genetically modified mice and wild-type mice and role of 
IFN-y in these models 


Increased IFN-y 


Mutation | Model and trigger production IFN-y blockade 

Primary HLH PRFI LCMV-infection Yes Reversal of [38] 
(FHLH2) disease parameters 
Primary HLH UNCI13D | LCMV infection Yes Not tested [33] 
(FHLH3) 
Primary HLH STX11 LCMV-infection Yes Not tested [35] 
(FHLH4) 
Griscelli RAB27A | LCMV-infection Yes Reversal of [36] 
syndrome type 2 disease parameters 
XLP1 SH2DIA | LCMV-infection Yes Not tested [34] 
Infection- None TLR-9 repeated Yes Reversal of [32] 
associated sHLH stimulation disease parameters 
MAS None TLR stimulation in | Yes Reversal of [37] 

IL-6 transgenics disease parameters 


cells achieved essentially the same effects suggesting that in this model CD8+ T 
cells are the source of IFN-y. The ability of an anti-IFN-y antibody to reverse mor- 
tality and clinical and laboratory features of HLH, initially demonstrated in the 
perforin-deficient mice, was also observed in a mouse model of pHLH due to 
RAB27A deficiency [36]. 

In a mouse model of sHLH, in which the infectious trigger 1s mimicked by 
repeated stimulation of TLR-9 with CpG DNA, elevated IFN-y levels have been 
found. In IFN-y knockout mice, anemia, thrombocytopenia, and splenomegaly are 
reduced, and hepatic inflammation is inhibited [32]. In the same model, tissue (i.e., 
liver and spleen) levels of IFN-y were closely associated with hypercytokinemia; 
antibody-mediated neutralization of the high rate of tissue production of IFN-y was 
required for a significant reduction in inflammatory cytokines and improvement in 
syndrome parameters [39]. 

Mice overexpressing IL-6 (IL-6TG mice) have been used as an experimental 
model of MAS associated to sJIA. They mimic a chronic inflammatory condition 
similar to sJIA, which is indeed characterized by high levels of IL-6 [40]. When 
challenged with LPS, as a mimicker of an infectious trigger, IL-6TG mice develop 
MAS [41] that is associated with a significant upregulation of the IFN-y pathway 
[37]. This model replicates the “two-hit” mechanism that appears to be involved in 
the occurrence of MAS in patients with sJIA triggered by infection in the presence 
of active disease. Administration of an anti-IFN-y antibody to LPS-challenged 
IL-6TG mice improved survival and caused reductions in ferritin, fibrinogen, ala- 
nine aminotransferase, and in pro-inflammatory cytokine levels, including IL-1, 
IL-6, and TNF [37]. 

Altogether, these data demonstrate that therapeutic neutralization of IFN-y 
results in marked amelioration of signs and symptoms in animal models of pHLH, 
sHLH, and MAS. It must be pointed out that data in animal models suggest 
that, together with overproduction of IFN-y, other pathways may contribute in a 
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complementary manner to the development of sign and symptoms of HLH. In 
perforin-deficient mice, genetic deletion of CD25 restricted to CD8+ cells sup- 
presses the hyperinflammatory state and improves the mouse life span, suggesting 
the contribution from a pathway involving IL-2 and T cell activation [42]. In the 
model of infection-associated sHLH triggered by repeated TLR-9 stimulation, 
IFN-y deficient mice were shown to develop the disease only following administra- 
tion of CpG in combination with IFN-y, providing evidence that cooperation 
between TLR-9 and IFN-y dependent signals is necessary and that this cooperation 
involves expansion and activation of cells of the myeloid lineage [43]. 


The IFN-y Pathway in Patients with Cytokine Storm 
Syndromes 


Initial studies on small number of patients with pHLH have shown elevated levels 
of IFN-y, and this was also reported later in sHLH and MAS [44—48]. In a large 
study on several hundreds of patients admitted with fever in a hematology-oncology 
unit, the patients with a final diagnosis of HLH had markedly elevated IFN-y, com- 
pared to patients with other causes of fever [49]. IFN-y was correlated with levels of 
alanine aminotransferase, aspartate aminotransferase, bilirubin, lactate dehydroge- 
nase, triglycerides, and fibrinogen [50]. Also in sHLH, blood levels of IFN-y were 
correlated with decreased neutrophil and platelet counts, and elevations in ferritin, 
lactate dehydrogenase, and alanine transaminase levels [39]. Notably, in patients 
with MAS on a background of sJIA, circulating levels of IFN-y were significantly 
elevated compared to patients with active sJIA without MAS at sampling and to 
patients with inactive sJIA. Interestingly, levels of IFN-y were similarly low in 
patients with active or inactive sJIA [51]. Conversely, during MAS there was no 
increase in circulating levels of IL-6 and IL-1, two inflammatory cytokines that 
play major roles in the inflammatory cascade of sJIA [52, 53]. Altogether, these 
observations are consistent with the conclusion that activation of IFN-y production 
occurs only when MAS is present and that it is not part of the typical inflammatory 
cascade of the background inflammatory disease [51]. 

Typically in patients with MAS on a background of sJIA, but also in some 
patients with infection-associated sHLH, levels of IL-18, and of free IL-18, are 
markedly increased [54, 55]. In contrast, they do not appear to be increased in 
approximately half of the patients with infection-associated sHLH and in pHLH 
[55]. IL-18 is also typically overproduced in two monogenic diseases characterized 
by recurrences of HLH with hyperinflammation, namely NLRC4-induced disease 
and NOCARH syndrome [56]. Indeed, as mentioned above, IL-18 is an inducer of 
IFN-y; however, in vitro induction of IFN-y production cannot be induced by IL-18 
alone, but a second stimulus is required, typically IL-12. Consistently, IL-18 bind- 
ing protein (a protein that binds to and inhibits the activity of IL-18) deficient mice 
do not show pathology at baseline. However, when these mice are triggered by 
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repeated TLR-9 stimulation, severe signs and symptoms of HLH are induced and 
are reversed by an anti-IFN-y antibody [57], suggesting that IFN-y is the final 
mediator. 

Results from a mouse model of sHLH showed fluctuation of IFN-y levels in blood 
during sustained progression of disease [39]. Most probably this is due to the very 
quick blood clearance of the cytokine and to the high affinity binding of IFN-y to 
extracellular matrix and heparan sulfate, in addition to the binding to its cellular 
receptor [58]. All together, these events cause its accumulation mainly in tissues, typi- 
cally spleen, liver, and kidney [59]. Experiments in the above-described TLR-9 stim- 
ulation model of sHLH, in which IFN-y in tissues was captured by an administered 
antibody against IFN-y, demonstrated a striking increase in the levels of the cytokine 
complexed to the antibody. This cytokine—antibody complex is drained from tissues 
into the blood compartment allowing for an estimate of the total amount of IFN-y 
produced. IFN-y levels, as measured by the amount of IFN-y bound to the adminis- 
tered anti-IFN-y antibody, were several hundred fold higher than the amount mea- 
sured in blood with conventional methods [39]. In humans with HLH (in its various 
forms), a sizeable proportion has low or even undetectable levels of IFN-y even in the 
presence of full-blown disease. This may indeed be due to the limitations of available 
assays and/or to the fact that measurement of blood levels may be indicative of 
increased IFN-y production, but may not strictly reflect the total production of IFN-y 
in affected tissues, as also shown by the above mentioned data in animal models. 

An increasing body of evidence shows that CXCL9 levels are significantly 
increased both in experimental models of HLH [37, 39], and in patients with HLH, 
independently of the form being primary or secondary [55]. CXCL9, also known as 
monokine induced by IFN-y (MIG), is a member of CXC chemokine family known 
to attract CXCR3 expressing T lymphocytes. It is produced by monocytes, macro- 
phages, antigen-presenting cells, endothelial cells, and stromal cells following 
stimulation by IFN-y. 

In patients, CXCL9 is elevated in pHLH and sHLH, and its levels are strictly cor- 
related with key disease parameters and decrease with disease remission [39, 60]. 
Higher levels are associated with early mortality [61]. CXCL9 levels are elevated in 
patients with MAS and are correlated with laboratory parameters that reflect disease 
severity, including ferritin levels, cytopenia, and alanine aminotransferase levels, 
suggesting that CXCL9 is a potential biomarker for IFN-y biological activity in 
patients with MAS during sJIA [51]. CXCL9 has also been found to be elevated in 
adults with MAS occurring on a background of adult-onset Still disease [62]. 

The observation in animals with sHLH that tissue levels of IFN-y are more 
closely correlated with organ involvement prompted the suggestion that blood levels 
of CXCL9 could be employed as a marker of IFN-y overproduction in target tissues 
[39]. Although in a very limited number of patients, data consistent with increased 
expression of IFN-y and of IFN-y-inducible proteins within tissues targeted by the 
disease have been reported. In livers and lymph nodes, overexpression of IFN-y, 
Statl phosphorylation, and overexpression of IFN-y inducible genes (such as [DO 
and CXCL9 and CXCL10) has been found [47, 63] (our unpublished observation). 
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Altogether, these data suggest that CXCL9 appears to be a useful biomarker for 
hyperinflammation caused by excessive production of IFN-y: CXCL49 is stable, 
compared to IFN-y itself, is easily measurable in serum at ng/ml concentrations, has 
a clear association with pathologic pathways underlying the disease/syndrome, and 
correlates with disease severity and response to treatments. 


Targeting IFN-y in Humans with Cytokine Storm Syndromes 


At present, emapalumab is the only anti-IFN-y antibody in clinical development 
and is already approved for the treatment of primary HLH patients. Data discussed 
in this paragraph are derived from published abstracts, publically available slide 
presentations at the annual meeting of the American Society of Hematology [64], 
as well as from the multi-discipline review released by the Center for Drug 
Evaluation and Research of the FDA, as a rationale for the approval of emapalumab 
in pHLH. (https://www.accessdata.fda.gov/drugsatfda_docs/nda/2018/761107O0rig 
1sOOOMultidisciplineR.pdf). Emapalumab is approved in the USA for the treatment 
of adult and pediatric (newborn and older) patients with pHLH with refractory, 
recurrent, or progressive disease, or intolerance with conventional HLH therapy 
(https://www.accessdata.fda.gov/drugsatfda_docs/label/2018/761107IbI.pdf). 

Emapalumab binds with high affinity (1.4 pM) to human IFN-y, and with fast 
association phases and very slow dissociation phases, as expected for a high affinity 
IgG. Emapalumab was tested in a multicenter, open-label, single-arm trial, con- 
ducted in the USA and Europe, in pediatric patients with suspected or confirmed 
primary HLH with either refractory, recurrent, or progressive disease during con- 
ventional HLH therapy or who were intolerant of conventional HLH therapy. 
Twenty-seven patients were enrolled with a median age of 1 year (range 0.2- 
13 years). A genetic confirmation with homozygous or compound heterozygosity 
for genes known to cause primary HLH was present in 82% of patients. 

In healthy subjects, emapalumab elimination is linear with a half-life of 23 days, 
in the range of what is expected for a human [gG1. In patients with HLH, ema- 
palumab pharmacokinetics is highly influenced by the production rate of IFN-y, 
implying target mediated drug disposition, with a half-life ranging between 2.5— 
19 days. In the study, all patients received an initial starting dose of 1 mg/kg every 
3 days. Subsequent doses, every 3 days, could be increased to a maximum of 10 mg/ 
kg based on clinical and laboratory parameters. Treatment duration was up to 
8 weeks, after which patients could continue treatment on the extension study. 
Forty-four percent of patients remained at a dose of | mg/kg, 30% of patients 
increased to 3-4 mg/kg, and 26% of patients increased to 6—10 mg/kg. 

All patients received dexamethasone as background HLH treatment with doses 
between 5—10 mg/m? per day. Cyclosporine A was continued if administered prior 
to screening. Patients receiving intrathecal methotrexate and glucocorticoids at 
baseline could continue these therapies. 
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Twenty of the 27 patients (74%) completed the study. Seven patients (26%) were 
prematurely withdrawn. Two patients died during the study, and there were addi- 
tional six deaths during the long-term extension study. Twelve months estimated 
overall survival was 73.0%. As hematopoietic stem cell transplantation (HSCT) is 
the only curative approach to pHLH, a significant number of patients moved to 
HSCT: 12-month estimated post-HSCT survival was 89.5%. 

The efficacy of emapalumab was based on overall response rate (ORR) at the end 
of treatment, defined as achievement of either a complete response (CR), or partial 
response (PR), or HLH improvement. ORR was evaluated using an algorithm that 
included the following objective clinical and laboratory parameters: fever, spleno- 
megaly, CNS symptoms, complete blood count, fibrinogen and/or D-dimer, ferritin, 
and soluble CD25 levels. CR was defined as normalization of all HLH abnormali- 
ties (i.e., no fever, no splenomegaly, neutrophils >1 x 10°/L, platelets >100 x 10°/L, 
ferritin 1.5 g/L, D-dimer twofold over baseline). PR was defined as normalization of 
>3 HLH abnormalities. HLH improvement was defined as >3 HLH abnormalities 
improved by at least 50% from baseline. The ORR was observed in 17/27 (63%; 
95% confidence interval 0.42—0.81) and included 7 (26%) complete responses and 
8 (30%) partial responses. 

The exposure—response analysis for efficacy showed that the clinical response at 
the end of the treatment was highly correlated with serum concentrations of CXCL9, 
suggesting a direct relation between effective neutralization of IFN-y, inhibition of 
CXCL9 production, and therapeutic response. 

In the study exposure was relatively brief with a median number of days of expo- 
sure of approximately 60 days. Only one patient withdrew due to an adverse event, 
supporting the good tolerability of IFN-y neutralization in a fragile pediatric popula- 
tion with considerable underlying morbidities and concomitant medications. 
Infections are of particular concern for patients with pHLH, and contribute to mor- 
bidity and mortality. In 32% of patients, serious infections were observed, with 41% 
being viral, 35% bacterial, and 9% fungal. Based on the available information in 
mice and from toxicology studies with emapalumab in monkeys, infections such as 
mycobacterial, herpes, histoplasmosis, and salmonella, which can be favored by 
IFN-y neutralization, are of potential concern in patients receiving emapalumab ther- 
apy. Patients were screened for mycobacteria as well as Salmonella and Shigella, 
prior to and during study treatment. All patients in the study received prophylaxis for 
herpes simplex virus per study protocol, and P. jirovecii pneumonia and fungal pro- 
phylaxes were administered per institutional standards. Infections caused by patho- 
gens potentially favored by IFN-tFE; neutralization occurred in one patient 
(disseminated histoplasmosis), and resolved with appropriate treatment. 

Information is also available from very few case reports published (compassion- 
ate use). These include a 20-month-old boy with refractory, Epstein-Barr virus 
(EBV)-associated HLH who was successfully treated with emapalumab, despite 
severe preexisting comorbidities (severe pancytopenia, gastrointestinal bleeding, 
central nervous system hemorrhage), including multiple life-threatening infections 
(CMV, EBV, adenovirus, and Trichosporon fungemia) [65]. In a patient carrying a 
pathogenic NLRC4 mutation with severe inflammation, recalcitrant HLH, and 
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highly elevated levels of IFN-y and CXCL9, neutralization of IFN-y with ema- 
palumab resulted in control of all HLH disease features [66]. Thus, anti-IFN-y ther- 
apy appears to be a new therapeutic option for CSS. 
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Introduction 


Cytokine storm syndromes (CSS) are a challenge for physicians, both due to their 
aggressive nature and the need for tailored treatment for each patient. While hema- 
topoietic stem cell transplantation (HSCT) has changed the fate of primary hemo- 
phagocytic lymphohistiocytosis (HLH), and biologics of macrophage activation 
syndrome (MAS)/secondary HLH, there is still a need for adjunctive treatment to 
better manage these patients. The principles of treatment are summarized in Table 1. 
This chapter discusses the available alternative treatments (Table 2). Unfortunately, 
except for corticosteroids, there is not a lot of solid evidence for the effectiveness of 
most of these agents. Furthermore, for all these treatment modalities and corticoste- 
roids, there is a lack of controlled studies to guide optimal dosage and duration of 
therapy. Biologics (especially anti IL1 for MAS) that have become an essential ele- 
ment in many treatment plans are discussed elsewhere in the relevant chapter “IL-1 
Family Blockade in Cytokine Storm Syndromes”. 


Corticosteroids 


Corticosteroids, which powerfully inhibit transcription of many cytokine genes, 
including interleukin(IL)-1, IL-6, and tumor necrosis factor(TNF), are crucial in the 
treatment of many inflammatory, allergic, immunologic, and malignant diseases. 
Corticosteroids are regarded as the standard therapy for CSS as well. They may be 
given either alone or in combination with other treatment modalities for MAS 
secondary to rheumatic diseases, such as systemic lupus erythematosus (SLE) and 
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Table 1 Principles of treatment in HLH (Modified from reference [1 ]) 


Suppression of hyperinflammation Corticosteroids, IVIg, cyclosporine A, anti- 
cytokine agents (biologics) 
Elimination of activated immune cells and | Corticosteroids, etoposide, T-cell antibodies 


(infected) APCs, CTLs, histiocytes (antithymocyte globulin, alemtuzumab), rituximab 
Elimination of trigger Anti-infectious therapy 

Supportive therapy (neutropenia, Antifungals, antibiotics, plasma 

coagulopathy) 


Replacement of defective immune system | HSCT 


Table 2 Alternative therapies for cytokine storm syndrome 


Relevant 
references for its 
use in cytokine 


Drug Mechanism of action storm syndrome 

Corticosteroids Inhibition of transcription of many cytokine genes [1-3, 6-8] 
(IL-1, IL-6, TNF) 

Anti-thymocyte T cell ablation [9, 10] 

globulin (ATG) 

Cyclophosphamide | Steroid sparing cytoablative therapy [12-14] 

Cyclosporine A Inhibition of the translocation into the nucleus of [4, 5, 15] 
NF-AT. 


Decreased transcriptional activation of proinflammatory 
cytokine genes (IL-2, IL-4, IFN-y) 
T cell directed immunomodulation 


Intravenous Immunomodulation of inflammatory and autoimmune | [23-30] 
immunoglobulin processes 
Therapeutic Removal of autoantibodies, immunocomplexes, [32—35, 38] 
plasmapheresis cytokines, endotoxins from the plasma of the patient 
Rituximab Anti-CD20 monoclonal antibody reducing B cells [39-41] 
Alemtuzumab Depletion of the cells expressing CD52 (T cells, NK [46, 48, 51] 
cells, B cells, many monocytes, macrophages, dendritic 
cells) 
JAK inhibitors Inhibition of signal transduction to nucleus from [5, 53, 54] 


common gamma chain and other plasma membrane 

receptors of IL-2, IL-4, IL-7, IL-9, IL-15, IL-21, IFN-y 
Hematopoietic stem | Replacement of the hematopoietic system with a [11, 40, 60] 
cell transplantation | genetically normal bone marrow 


systemic juvenile idiopathic arthritis(sJIA), or within various treatment protocols 
for familial HLH(FHL) or persistent/relapsing HLH [2]. A common approach fre- 
quently preferred in the treatment of MAS is to administer high-dose corticosteroids 
(intravenous methylprednisolone) at a dose of 15-30 mg/kg, maximum 1000 mg, 
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daily for 3 days, followed by 2—3 mg/kg/day in divided doses of intravenous meth- 
ylprednisolone or oral prednisolone [3]. Cyclosporine is often added to this regimen 
at a dose of 3—7 mg/kg/day as a second line drug [4, 5]. On the other hand, the HLH 
94 and HLH 2004 protocols recommend dexamethasone. Dexamethasone is pre- 
ferred in FHL since it is thought to cross the blood-brain barrier and penetrates the 
central nervous system (frequently involved) better. However, the dose of dexa- 
methasone is substantially lower in corticosteroid equivalent than high dose meth- 
ylprednisolone. However, since corticosteroids suppress the immune system, they 
can lead to an increase in the rate of infections. 

HLH protocols and combination therapies with corticosteroids are used for the 
treatment of primary HLH. The 5-year survival rate of the HLH 94 protocol was 
54% at a median follow-up of 6.2 years [6]. The HLH 94 and 2004 protocols are 
covered in detail in another chapter. 

If MAS activity persists despite initial treatment with corticosteroids and/or 
cyclosporine, etoposide may be considered a part of the HLH-2004 treatment pro- 
tocol [7]. Hematologists/oncologists more frequently use etoposide as first-line 
treatment for other forms of secondary HLH; however, many clinicians regard it to 
be too aggressive for the initial treatment of MAS or HLH secondary to rheumatic 
diseases [8]. In particular, since etoposide is metabolized by the liver and excreted 
by kidneys, toxicity involves both organ systems that may be impaired in severe 
MAS. Although side effects such as bone marrow suppression and sepsis are 
reduced with lower etoposide doses, there is no study guiding clinicians for the 
optimal dose. 


Anti-thymocyte Globulin (ATG) 


ATG is an alternative in cases of CSS with severe renal and hepatic involvement 
where etoposide should be avoided because of its toxicity [9, 10]. T-cell ablation 
with ATG has been reported in the treatment phase and in the conditioning regimen 
for HSCT of FHL treatment [11]. In 38 patients with FHL, ATG, corticosteroids, 
cyclosporine and intrathecal methotrexate were used in combination, and overall 
survival was found to be 55% [10]. Although well tolerated in case reports, it fre- 
quently causes infusion reactions in the context of HSCT. To date, ATG has only 
rarely been reported as therapy for CSS. 
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Cyclophosphamide 


Cyclophosphamide which has been -historically- used as steroid sparing cytoabla- 
tive therapy for treating severe sJIA and MAS, has anecdotal success [12—14] and is 
not routinely used. 


Cyclosporine A 


Cyclosporine A (CyA), which is a lipophilic cyclic peptide composed of 11 amino 
acids, was isolated from fungi and originally developed as an antimycotic agent. It 
was used to prevent rejection after organ transplantation when its immunosuppres- 
sive effects have been identified in the 1970s. CyA forms complexes with a family 
of cytoplasmic proteins named cyclophillins, and this drug—receptor complex con- 
trols the action of calcineurin, a calcium and calmodulin-dependent phosphatase, by 
specifically binding to it and inhibiting it. Subsequently, this process inhibits the 
translocation into the nucleus of the nuclear factor of activated T cells(NF-AT). This 
results in decreased transcriptional activation of a number of proinflammatory cyto- 
kine genes such as IL-2, IL-4, and interferon (IFN)-y. CyA acts on CD4 T helper 
cells leading to diminished proliferation and cytokine expression but is also known 
to suppress CD8 T cell functions, such as cytokine secretion [15]. This may be of 
special benefit in CSS. 

Although in the treatment of CSS, both primary HLH and secondary HLH, CyA 
is widely used because of its T-cell-directed immunomodulatory effect. It has been 
used for FHL over 20 years, included inHLH-94 and HLH 2004 and some clinical 
study protocols as mentioned above [6, 10]. In the HLH-94 protocol, CyA was used 
starting at week 9 and at a dose of 6 mg/kg/day divided into two doses, with a target 
blood level of 200 pg /L. According to the HLH 2004 protocol suggested by the 
Histiocyte Society in 2004, CyA doses are given at the beginning of induction along 
with etoposide. However, recent data does not confirm the benefit of CyA in the 
aforementioned HLH 2004 protocol, and some hematologists have lost interest in 
using CyA for treating primary HLH [16]. 

Apart from these protocols, ATG, corticosteroids, CyA, and intrathecal metho- 
trexate were used as combination therapy in 38 patients with familial HLH. Complete 
and partial responses were 73% and 24%, respectively. The disease improved in 16 
of 19 patients who had undergone HSCT, and the survival rate of the whole group 
was 55% [10]. CyA has also been used for MAS associated with rheumatic dis- 
eases, such as SLE and sJIA [4, 12, 17, 18], and has been reported to be quite effec- 
tive. A study by Takahashi et al. summarized seven cases with acute lupus 
hemophagocytic syndrome reported in the Medline database between 2001 and 
2014, aiming to determine the predictors of the treatment response. They suggested 
CyA as the first choice treatment when corticosteroid therapy is not sufficient in the 
case of acute hemophagocytic syndrome secondary to lupus [17]. They also sug- 
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gested that low CRP and high hemoglobin may predict a positive response to corti- 
costeroid monotherapy, whereas high serum ferritin and low leucocyte count may 
predict a positive response to CyA treatment. In a study by Gokce et al. of 43 
patients with pediatric SLE, six patients developed MAS. The treatment response 
was found to be excellent in patients diagnosed early and treated with corticoste- 
roids and CyA [19]. 

Further prospective studies with more patients are needed to assess dose and 
duration options for patients with MAS secondary to rheumatic diseases. 
Nephrotoxicity is the most significant side effect of CyA. It can cause acute increase 
in plasma creatinine, chronic progressive renal disease, tubular dysfunction, and, 
rarely, thrombotic microangiopathy [15]. In addition, in combination with high- 
dose corticosteroids, CyA may increase the risk of developing posterior reversible 
encephalopathy syndrome [20]. Nonetheless, CyA is often used in treating CSS, but 
caution and awareness of potential side effects is imperative. 


Intravenous Immunoglobulin 


Intravenous immunoglobulin (IVIG) is obtained from a large pool of plasma col- 
lected from paid or voluntary donors. IVIG is routinely used for the treatment of 
primary and secondary immunodeficiencies and various autoimmune and inflam- 
matory diseases. It works as an important immunomodulator for inflammatory and 
autoimmune processes when used in high doses. The mechanism by which IVIG 
exerts its immunomodulatory effect is not clearly known. The suggested immuno- 
modulatory effects of IVIG are saturation and modulation of the expression of Fey 
receptors, modulation of dendritic cells, expansion of regulatory T cells, decreasing 
proinflammatory effects of monocytes, decreasing IFN-« response, and inhibition 
of complement activation cascade, neutralization of chemokines and/or cytokines, 
neutralization of autoantibodies [21, 22]. 

IVIG is a safe alternative in patients whom sepsis cannot be ruled out. However, 
we lack data on its effectiveness in primary and secondary HLH. In fact, in patients 
with MAS secondary to rheumatic diseases, such as sJIA and SLE, IVIG therapy 
often has not been able to improve disease outcome [23, 24]. IVIG is a potentially 
effective treatment if HLH is secondary to CGD. In a study of Alvarez-Cardona 
et al., IVIG was given to eight patients with CGD and MAS, and six of the patients 
survived [25]. High doses of IVIG were recommended as 1-2 g/kg/dose [26, 27]. It 
has been suggested that IVIG should be started early in order to be successful for 
the treatment of secondary HLH [28]. 

Lymphoma-associated HLH has been found to respond less well to [VIG [29]. 

In children with active infection, [VIG is regarded as a safe alternative since it 
boosts the immune system as well [28]. Elimination of triggers (mainly infections) 
is crucial for treatment of adult patients with HLH. High dose IVIG is potentially 
beneficial in infection, autoimmune and transplant-related HLH [28]. Rajajeeet al. 
evaluated 40 children with primary HLH in a retrospective cohort study in which 
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treatment outcomes of IVIG and dexamethasone was compared with the HLH 2004 
protocol. As a result, they found similar efficacy, and offered IVIG as the initial 
treatment for all patients and allowing for switching to the HLH 2004 protocol in 
patients with a poor clinical response or disease progression. They have indicated 
that etoposide toxicity may be reduced with this approach [30]. Indeed it has been 
suggested that short-term corticosteroid and/or IVIG treatment administered at the 
very beginning of the treatment may be useful in the control of hypercytokinemia 
when there is no organ failure present [1]. 


Therapeutic Plasmapheresis 


Therapeutic plasmapheresis (TPE) is an extracorporeal blood purification technique 
which replaces the plasma of the patient with allogeneic donor plasma, colloid, or 
crystalloid. The purpose of this procedure is to remove the autoantibodies, immuno- 
complexes, cytokines, endotoxins, and other filterable substances from the plasma 
of the patient [31]. Plasma exchange therapy was originally found to be beneficial 
and effective in severely ill septic patients with multiorgan dysfunction syndrome 
(MODS) and patients with thrombocytopenia associated multiple organ failure 
(MOF) in various studies [32, 33]. This treatment improves HLH possibly by reduc- 
ing inflammatory cytokines in the circulation [34, 35]. In an observational cohort 
study published by Demirkol et al. involving 23 children from Turkey with hyper- 
ferritenemic sepsis MODS/MAS/HLH. These plasmapheresed patients with sec- 
ondary MAS all had severe inflammation and marked cytopenia. The patients were 
treated with four different protocols, all including plasma exchange. Patients treated 
with HLH-94 protocol using dexamethasone and chemotherapy were found to have 
50% survival (all deaths were related to overwhelming sepsis), whereas patients 
treated with methylprednisolone, IVIG, and TPE had 100% survival [36]. 
Nonetheless, with the caveat that the treatment approach was not randomized or 
prospectively prescribed, they suggested TPE as an important therapeutic tool in the 
pediatric field for the treatment of secondary HLH/MAS with MODS with less 
toxicity than immunosuppressive therapies. 

TPE should be regarded as a form of rescue therapy for the patients with life- 
threatening MAS related to increased cytokine levels [37] and especially in patients 
with severe thrombocytopenia. The most frequent complications of the procedure 
are hypocalcemia, metabolic alkalosis, decreased immunoglobulin and coagulation 
factors, anaphylaxis or transfusion related acute lung injury (TRALI) due to donor 
plasma, exposure to infectious pathogens, angiotensin-converting enzyme related 
symptoms, and complications related to the vascular access catheter [38]. TPE has 
not been studied prospectively but should be considered in severely ill patients with 
CSS. 
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Rituximab 


Rituximab is an, anti-CD20 monoclonal antibody that acts by reducing B cells. B 
cells expressing CD20 (mature B cells but not antibody producing plasma cells) on 
their surface are depleted through Fc receptor gamma-mediated antibody-dependent 
cytotoxicity and phagocytosis, complement-mediated cell lysis, growth arrest, and 
B cell apoptosis [39]. 

Rituximab is an effective treatment alternative in many EBV-related conditions, 
including HLH secondary to this particular viral disease. In both acute and latent 
EBV infections, the virus frequently resides in the B cell compartment. However in 
EBV-HLH, T and NK cells are also often affected; therefore, it is not always suffi- 
cient to target only B cells during treatment of EBV-HLH [7]. 

In the setting of an EBV infection with >10,000 copies of EBV per pg of cellular 
DNA, the patient can be treated with rituximab weekly 375 mg/m?/dose for 
1—4 weeks, with the duration of the treatment depending on the rate of decline of the 
EBV DNA level [40]. Alternatively, rituximab can be given at a dose of 750 mg/m?/ 
dose (maximum of 1 g per dose) twice, 2 weeks apart. HLH-specific chemotherapy 
may be unnecessary in patients who are clinically stable and respond quickly to 
treatment of infection. However, for progressive diseases and severely ill patients, 
HLH-specific therapy should be initiated promptly without waiting for recovery of 
the infection. Clinical trials show that rituximab quickly reduces viral load in B cells 
and ferritin levels, and improves survival [40, 41]. In conclusion, in these cases, 
rituximab is efficient as an adjunct to the primary therapy with the other immuno- 
suppressants, including corticosteroids [40, 42, 43]. Rituximab may shorten the 
duration of use of other immunosuppressants, thereby reducing short- and long- 
term drug toxicity. 

Most common Side effects include infusion reactions which occur 30—120 min 
after initiation of the infusion. Rarely, bronchospasm, severe hypotension, and ana- 
phylaxis may occur. Infusion reactions are thought to be due to the interaction 
between rituximab and the CD20 on lymphocytes which causes cytokine release 
from B cells. In order to avoid infusion reactions, the dose should be increased 
gradually with small increments. Premedication with antihistamine, acetaminophen 
and/or glucocorticoids may reduce the severity of the reaction. Repeated treatment 
with rituximab may cause suppression of immunoglobulin production leading to 
hypogammaglobulinemia and increased risk for recurrent infections [44], which 
can be obviated with routine immunoglobulin infusions or subcutaneous injections. 
Late-onset neutropenia has also been reported [45]. Nonetheless, rituximab may 
have an important role to play in treating EBV and B cell lymphoma driven CSS. 
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Alemtuzumab 


Alemtuzumab is a humanized monoclonal antibody that works by depleting cells 
expressing CD52. Since T cells, NK cells, B cells, many monocytes, macrophages, 
and dendritic cells express CD52 on their surface, it is a potentially potent drug [46, 
47]. Despite improvements in treatment regimens, HLH cannot be controlled in 
approximately one fourth of patients, and HSCT cannot be performed for various 
reasons [48, 49]. There are a few comprehensive studies on refractory HLH and its 
treatment alternatives [50, 51]. Because of increasing awareness of the crucial func- 
tion of T cells in HLH pathogenesis, alemtuzumab has become a potential treatment 
option for refractory HLH with rapid and effective removal of CD52-bearing cells. 
In addition to being used as a successful bridge therapy to HSCT, it is also used as 
part of the reduced intensity conditioning (RIC) regimen for HSCT and enhances 
the survival of patients with HLH [48, 52-54]. 

Alemtuzumab appears to be an effective agent with a tolerable toxicity for 
patients not responding to conventional treatment strategies, especially primary 
HLH. There is no clear data regarding the optimum dosing or time to start treatment. 
Marsh et al. showed favorable effects of treatment with alemtuzumab in their retro- 
spective study involving 22 patients, and reported that 64% of patients had a partial 
response, and 77% of patients survived until HSCT [50]. Patients included in the 
cohort were given a median dose as | mg/kg divided over four days, which is a simi- 
lar dose used in HSCT regimens. Alemtuzumab should be given in divided doses 
over several days, and the first dose should not exceed 3 mg. 

Due to the high incidence of viremia after alemtuzumab, antiviral prophylaxis 
should be given to all patients, and weekly virus scanning with PCR has been sug- 
gested. Prophylaxis for Pneumocystis jirovecii and extensive antifungal therapy are 
also recommended [50]. 

The most frequent side effects of alemtuzumab are infusion reactions, including 
fever, headache, skin rash, and nausea; In addition, patients are at risk for viral, 
bacterial, and candida infections as well as autoimmune disorders [48—50]. Thus, 
there are serious risks of alemtuzumab that must be weighed against the severity of 
the CSS. 


JAK Inhibitors 


The Janus kinases (JAK) are cytoplasmic protein kinases responsible for the signal 
transduction to the nucleus from the common gamma chain and other plasma mem- 
brane receptors of IL-2, IL-4, IL-7, IL-9, IL-15, IL-21, and IFN-y. Some of these 
agents are in clinical use, specifically for rheumatoid arthritis. The efficacy of JAK 
inhibition in the treatment of FHL and MAS was demonstrated by two different 
groups in murine models [55, 56]. Recently, two case reports documented some 
efficacy in the use of JAK inhibition in treating HLH [57, 58]. The activity of JAK 
inhibition is not exclusively dependent on IFN-y blockade but also removal of 
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multiple cytokines at the same time contributing to its activity [43]. Oral bioavail- 
ability is good and makes it superior to other injectable medications in chronic and 
prolonged use. However, oral dosing is not optimal in the intensive care setting. 
Side effects include an increased risk of infections, elevation in liver enzymes, neu- 
tropenia, hyperlipidemia, and an increase in serum creatinine [59]. The current role 
of JAK inhibition for CSS is just being explored. 


Hematopoietic Stem Cell Transplantation 


The only therapeutic alternative for treatment of primary HLH and refractory HLH 
is HSCT [11, 60, 61]. Primary HLH used to be a lethal disease. However, with the 
use of chemoimmunotherapy combined with HSCT in the last 20 years, the survival 
has increased more than 60% [62]. Fischer et al. reported the first successful alloge- 
neic HSCT for HLH therapy in 1986, and the application of HSCT significantly 
improved the survival of the patients since that time [63]. 

Indications for HSCT in HLH include genetically documented or familial HLH, 
recurrent or progressive disease despite the recommended chemoimmunotherapy, 
severe and persistent or reactivated after 8 weeks of initiation therapy, and central 
nervous system involvement [42]. In all patients with primary HLH, preparation for 
HSCT and donor screening should be started at the time of diagnosis in order to 
perform HSCT as soon as possible. Early identification of genetic defects helps 
enable the differential diagnosis from nongenetic forms of secondary HLH; there- 
fore, HSCT can be performed earlier [42]. The outcome of HSCT is better in patients 
with disease in remission at the time of HSCT. HSCT during active disease results 
in higher graft failure and decreased overall survival rate [61, 64]. 

Two types of preparative regimens are used before HSCT: the myeloablative 
conditioning (MAC), containing busulfan, cyclophosphamide, etoposide, and ATG; 
reduced intensity conditioning (RIC) including fludarabine, melfalan or treosulfan, 
and alemtuzumab. The survival rate of HSCT after MAC was 53-71% with more 
transplant-related toxicity, including infections, veno-occlusive disease, respiratory 
complications, and acute graft-versus-host disease, whereas, survival rate after RIC 
was found to be 90% with lower toxicity [11, 53, 54, 61]. The most appropriate 
donor for the HSCT should be determined on a case-by-case basis. Siblings may be 
heterozygous or homozygous for HLH mutations; thus, genetic analysis should be 
done in order to make sure that the donor does not have a genetic propensity for 
developing HLH. 


Conclusion 


There is still an unmet need for alternative treatments of CSS. A collaboration 
between the hematology, rheumatology, and immunology teams is important in the 
management of secondary HLH and other CSS. Biologic treatments are at the 
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forefront of HLH treatment, secondary to rheumatic diseases. However, the rheu- 
matology community needs multicenter, controlled studies to decide on the indica- 
tions and use of these alternative treatments, especially plasmapheresis. There are 
established and emerging alternative therapies for refractory HLH, and in the future 
a personalized medicine approach may yield optimal treatment while weighing the 
potential for side effects of the more aggressive approaches to treatment. 
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Introduction 


Cytokine storm syndromes have been described as disorders which are character- 
ized by life-threatening systemic inflammation [1]. As such, the life-threatening 
syndrome of hemophagocytic lymphohistiocytosis (HLH) can be considered as a 
severe cytokine storm syndrome disorder. The syndrome of HLH is diagnosed on a 
clinical basis, and many clinicians use the criteria that were previously established 
by the Histiocyte Society for use in the HLH-1994 and HLH-2004 clinical trials 
(discussed elsewhere) [2, 3]. Patients with HLH typically present with fevers, cyto- 
penias, and hepatosplenomegaly, and may also experience coagulopathy and other 
problems. Some patients develop central nervous system involvement including 
altered mental status or seizures. Patients may develop liver inflammation or present 
with acute liver failure. Laboratory abnormalities that indicate inflammation and 
abnormal T-cell activation are used to aid in making a diagnosis of HLH and include 
elevations in triglycerides, ferritin, and soluble IL-2 receptor alpha chain (soluble 
CD25). Increasingly, measurement of increased HLA-DR expression on T cells is 
being used [4], and markers of interferon gamma or inflammasome activation such 
as CXCL9 and IL-18, respectively, are also gaining in use. Despite an increased 
awareness of HLH, HLH remains difficult to treat in many cases and is generally 
fatal if not treated. 
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Primary Versus Secondary HLH 


HLH may be classified as either primary or secondary, depending on whether or not 
a genetic disease which causes HLH is proven (or strongly suspected). Primary 
HLH is caused by several genetic disorders, most of which are associated with 
defects in cytotoxic lymphocyte granule-mediated cytotoxicity. Mutations in PRFI, 
UNCI3D, STX11, STXBP2, RAB27A, and LYST all cripple lymphocyte granule- 
mediated cytotoxicity [5—10]. Mutations in RAB27A and LYST can also compromise 
other granule-mediated processes such as pigmentation or platelet function. Patients 
with mutations in RAB27A are usually classified as having Griscelli syndrome, 
though not all patients have obvious pigmentary abnormalities, and patients with 
LYST mutations are classified as having Chediak—Higashi syndrome. 

Other causes of primary HLH include mutations in SH2D/A, which cause 
X-linked lymphoproliferative disease type 1 (XLP1) [11-13], and mutations in 
XIAP/BIRC4 which cause X-linked lymphoproliferative disease type 2 (XLP2) 
[14]. The mechanisms of disease in these disorders are more complicated and are 
discussed elsewhere (Verbist and Nichols). Briefly, SH2D/A mutations lead to 
defects in SLAM-associated protein (SAP) which cause defective 2B4-mediated 
cytotoxicity, absence of invariant natural killer cell development, defective T cell 
restimulation-induced cell death, and other humoral and cellular problems [15-18]. 
These defects predispose patients to Epstein-Barr virus associated HLH, malignant 
lymphoma, hypo/dysgammaglobulinemia, and other disease manifestations. 
Mutations in XIAP/BIRC4 lead to defects in X-linked inhibitor of apoptosis (XIAP) 
which causes an increased susceptibility to cell death, defective NOD2 signaling, 
and dysregulated TNF receptor signaling and inflammasome regulation [14, 19- 
21]. Patients with XIAP deficiency are prone to HLH, recurrent incomplete HLH 
episodes (lacking 5/8 commonly used criteria), inflammatory bowel disease, hypo- 
gammaglobulinemia, recurrent infections, uveitis, and other complications. HLH 
can also be caused by activating mutations in NLRC4, due to constitutive activation 
of the NLRC4 inflammasome [22, 23]. Importantly, a diagnosis of primary HLH 
can additionally be entertained in patients who lack a genetic diagnosis, based on 
recurrence of HLH over time or because of a family history of HLH, either of which 
suggest a fixed inherited defect which has not been discovered as of yet. Moreover, 
there have been reports of late-onset HLH associated with heterozygous mutations 
in the same cytolytic pathway genes, and some have been shown to act in a dominant- 
negative fashion [24, 25]. This has blurred the distinction of what is called primary 
and what is called secondary HLH [26]. 

Secondary HLH is typically said to occur in patients without a proven or sus- 
pected genetic disorder, often in association with a very strong immunologic stimu- 
lus such as an infection or malignancy, or in the setting of immune compromise due 
to immunosuppressive treatments. Patients with underlying rheumatologic diseases 
are also prone to HLH, which is usually termed “macrophage activation syndrome” 
(MAS) in this setting. Patients with secondary HLH are treated with attention to the 
underlying trigger, along with HLH therapy in many cases. 
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Despite the distinction between primary and secondary HLH and differences in the 
severity of genetic etiologies of patients with primary HLH, the upfront treatment of 
active HLH is generally similar. The most often used treatment in many centers 
consists of dexamethasone and etoposide with varying courses of cyclosporine, 
which has been studied in two prospective trials conducted by the Histiocyte Society 
[2, 3]. The second trial incorporated the early addition of cyclosporine but to date, 
cyclosporine treatment in the early active phase of HLH has not been proven to offer 
any additional benefit. Due to its associated toxicities such as posterior reversible 
encephalopathy syndrome (PRES), some experts do not recommend routine early 
cyclosporine use for HLH. An alternative regimen pioneered in France consists of 
anti-thymocyte globulin (ATG) with steroids and cyclosporine [27]. 

Unfortunately, neither standard approach confers a complete response for all 
patients. Steroid and etoposide-based treatment results in complete response with 
2 months of treatment in only approximately half of patients (Table 1) [2]. ATG- 
based treatment offers a complete response rate of approximately 73% (Table 1) 
[27]. Furthermore, patients who respond to initial therapy may experience a relapse 
of HLH, which may or may not respond to intensification of standard-of-care 
therapy. 

Other treatment approaches exist for HLH, but robust information regarding effi- 
cacy is generally still lacking. A trial of hybrid immunotherapy for HLH that com- 
bined steroids, etoposide, and ATG has been recently completed, but results are not 
yet available (personal communication, Michael Jordan, PI). There are trials open at 
the time of writing for alemtuzumab (https://clinicaltrials.gov/ct2/show/NCT02472 
054?term=alemtuzumab&cond=HLH&rank=1) and an anti-interferon gamma 
monoclonal antibody (https://clinicaltrials.gov/ct2/show/NCT01818492?term=inte 
rferon+gamma&cond=HLH&rank=3) (discussed elsewhere). Jak inhibitors are 
another class of possible novel therapeutics for patients with HLH based on excel- 
lent murine data [28, 29] and a trial specifically for secondary HLH is currently 
open in Michigan (https://clinicaltrials.gov/ct2/show/NCT02400463 ?term=ruxoliti 
nib&cond=HLH&rank=1). Additional approaches are also sometimes used for 
patients with HLH, especially MAS, such as therapeutics directed at IL-1 or IL-6 
which are discussed in other chapters. Despite the increasing experience with these 


Table 1 Response rates to standard HLH treatment regimens 


Treatment 
References regimen N CR PR NR Relapse 
Henter et al. [2] HLH 1994 113 56 34 4 7 
(53%)* |(32%)* =| (4%)* 
Mahlaoui et al. ATG (rabbit), MP | 38 (45 33 (73%) | 11 (24%) | 1(2%) | 8 
[27] Courses) 
CR complete response, PR partial response, NR no response, ATG anti-thymocyte globulin, MP 


methylprednisolone 
212 patients (11%) died and were not included in response assessment 
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therapeutic modalities and ongoing clinical trials, no alternative standard-of-care 
currently exists for patients with HLH. Thus, it can be expected that most patients 
will receive dexamethasone and etoposide based therapy, and given the response 
and relapse rates, many primary HLH patients will require additional or salvage 
therapy. 


Salvage Therapy of HLH 


Despite a need for salvage therapy in many patients with HLH, there is remarkably 
little data to support choices regarding immunosuppressive or chemotherapeutic 
agents. Additionally, there have been no prospective trials of salvage therapy for 
patients with refractory or relapsed HLH. 

A salvage therapy working group was formed several years ago within the 
Histiocyte Society, and the group recently reviewed the existing literature regarding 
salvage therapy options [30]. The authors included agents which had been used in 
at least two patients who had been previously treated with steroids and either etopo- 
side or ATG. Only four therapeutic approaches met these criteria, including anakinra, 
ATG, alemtuzumab, and a regimen that combined liposomal doxorubicin with ste- 
roids and etoposide (Table 2). 

Anakinra, an interleukin 1 receptor antagonist, was reported to result in complete 
resolution of HLH in three patients with either cytophagic histiocytic panniculitis 
and secondary HLH or rheumatologic disease-associated HLH [31, 32]. There were 
no serious complications reported. This limited evidence suggests that anakinra 
may be a good salvage option for patients with HLH associated with rheumatologic 
disease, and there is additional evidence to support its use in HLH/MAS associated 
with systemic juvenile idiopathic arthritis [33]. However, further experience is 
needed, and there is no reported evidence to suggest that anakinra is a good option 
for patients with primary HLH. 

Two patients reported by Mahlaoui et al. within the French report of rabbit ATG 
(Genzyme) for HLH received ATG as second line therapy following steroids and 
etoposide and achieved complete responses [27]. Seven patients were reported who 
received ATG following a previous course of ATG, and six patients achieved com- 
plete responses. Complications in these patients were not specifically reported, but 
in the larger group of patients reported in the series, fever and chills, infections, and 
neutropenia occurred in 16-40% of patients. 

Alemtuzumab has been reported for the salvage therapy of 24 mostly pediatric 
and young adult cases of refractory HLH [34-36]. Alemtuzumab is a lymphodeplet- 
ing humanized monoclonal antibody directed against CD52, which is expressed by 
most lymphocytes and some other hematopoietic cells. Sixteen of 24 cases (67%) 
were reported to experience a partial response and the rest had no response. Fever 
(n =4), transient worsening of neutropenia (n = 4) or thrombocytopenia (n = 2) were 
observed in the larger series of 22 patients. Viral reactivations were common as 
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Table 2 Therapeutic agents or approaches which have been used to treat at least two patients with 


HLH who were previously treated with steroids and etoposide or steroids and ATG 


Salvage 

agent N 
Anakinra 
Behrens 1 
et al. [31] 


Miettunen | 2 (anakinra 
et al. [32] | following 
steroids and 
etoposide) 
ATG (rabbit) 


Mahlaoui | 2 (following 
et al. [27] | steroids and 


etoposide) 
7 (following 
previous 
steroids and 
ATG) 

Alemtuzumab 

Strout 1 

et al. [35] 

Gerard 1 

et al. [36] 

Marsh 22 

et al. [34] 

DEP 

Wang 34 


et al. [37] | lymphoma 
patients were 
excluded) 


Dosing regimen(s) 


2 mg/kg/day 


2 mg/kg/day 


ATG: 25 or 50 mg/kg divided 
over 5 consecutive days. 
Methylprednisolone: 4 mg/kg 
per day given with the ATG 
and then tapered. 


30 mg sc three times a week 
30 mg sc three times a week 


Median 1 mg/kg (range 
0.1-8.9 mg/kg) divided over a 
median of 4 days (range 

2—10 days) as a first or only 
course 


Time of response 
evaluation 


1 week (less for 
some symptoms) 


10 days 


For all patients 
included in the 
report (n = 38, 45 
courses) CR was 
achieved in a 
median time of 

8 days (range 
4—15 days) 


1 week 
1 and 2 weeks 


2 weeks 


Liposomal doxorubicin 25 mg/ | 2 and 4 weeks 


m? on day 1 

Etoposide 100 mg/m? weekly 
Methylprednisolone 15 mg/ 
kg days 1-3, 2 mg/kg days 
4—6, | mg/kg days 7-10, 
0.75 mg/kg days 11-14, 

0.5 mg/kg days 15-21, and 
0.4 mg/kg days 22-28 


CR |PR|NR 
1 
2 
2 1 
6 

1 

1 

14 | 8 
12 | 14 | 8 


would be expected, and CMV and adenovirus viremias occurred in 23-32% of 
patients following alemtuzumab. 

The last approach to salvage therapy reported was a regimen consisting of lipo- 
somal doxorubicin given in conjunction with steroids and etoposide (DEP) in 
mostly adult patients [37]. Twenty-six out of 32 patients without malignancy who 
were treated were reported to have a complete (n = 12, 38%) or partial response 
(n = 14, 44%). The authors did not report any evidence of bone marrow toxicity, or 
new or worsening infections directly associated with the DEP regimen. While the 
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experience suggests utility for this approach and limited complications, it is difficult 
to determine what the response would have been over time if patients would have 
simply continued steroids and etoposide without a dose of liposomal doxorubicin. 
Given the limited experience upon which to base decisions regarding the salvage 
therapy of patients with HLH, it is clear that additional clinical studies are needed. 


Allogeneic Hematopoietic Cell Transplantation for HLH 


Unfortunately, for patients with primary forms of HLH, curative therapy with allo- 
geneic HCT is often the best course of action to maximize patient outcomes. The 
indications for transplantation for patients with XLP2 and NLRC4 mutations remain 
somewhat controversial or unclear, respectively, but for the other forms of primary 
HLH, transplant is a generally accepted approach. An HLA-matched sibling donor 
remains the ideal donor, but care should be taken to ensure that the sibling is not also 
affected by genetic HLH disease. When an HLA-matched sibling is not available, 
an HLA-matched unrelated donor is the preferred alternative; choices regarding 
other alternative donor sources if a matched unrelated donor is not available are 
transplant center dependent. 

Historically, myeloablative conditioning (MAC) was used for allogeneic HCT 
for patients with HLH. Outcomes were very poor, with only 43—73% survival in all 
but two larger reports published after 2002 (Table 3) [2, 38-44]. The risk of death 
due to acute toxicities such as hepatic veno-occlusive disease and pulmonary hem- 
orrhage in the first 100 days following HCT was very high. MAC HCT outcomes 


Table 3 Outcomes of myeloablative conditioning regimens reported for larger groups of patients 
with HLH disorders since 2002 


Study N Survival (years) 
Henter et al. [2] 65 62% (3 year OS) 
Horne et al. [38] 86 64% (3 year OS) 
Ouachee-Chardin et al. [39] 48 59% (10 year OS) 
Eapen et al. [57] 35 (Chediak—Higashi) 62% (5 year OS) 
Baker et al. [40] 91 45% (5 year OS) 
Cesaro et al. [41] 61 59% (8 year OS) 
Pachlopnik Schmid et al. [58] 10 (Griscelli type 2) 70% (Various) 
Al-Ahmari et al. [59] 11 (Griscelli type 2) 91% (Various) 
Yoon et al. [42] 19 73% (5 year OS) 
Marsh et al. [43] 14 43% (3 year OS) 
Ohga et al. [44] 43 (1 autologous) 65% (10 year OS) 
Booth et al. [49] 23 (XLP1) 83% (Various) 
Patel et al. [52] 10 60% (Various) 


OS probability of overall survival 
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seem particularly poor for patients with XIAP deficiency, with only 14% survival in 
a small international survey [45]. 

The poor survival in patients with HLH led to interest in alternative reduced 
intensity conditioning (RIC) approaches. In the last 10-15 years, RIC regimens 
have been shown to improve survival for patients with HLH. The most widely used 
RIC regimen for patients with HLH consists of alemtuzumab, fludarabine, and mel- 
phalan, and survival with this approach is generally greater than 70% (Table 4) [43, 
46-50]. Again, outcomes appear somewhat lower for patients with XIAP deficiency 
[45], but when these patients are transplanted with RIC in remission of HLH, sur- 
vival appears to be greater than 80% [45, 50]. 

Despite the increased survival observed with RIC HCT, RIC with alemtuzumab, 
fludarabine, and melphalan is complicated by high rates of developing mixed donor 
and recipient chimerism following HCT [43, 48]. Patients with HLH do not require 
100% donor chimerism to remain free of HLH, but decreases of whole blood donor 
chimerism to less than 30% are associated with risk of HLH relapse [51]. Many 
patients treated with this approach require additional hematopoietic cell products 
following HCT which are given in efforts to stabilize or increase donor contribution 
to hematopoiesis. At least 5% of patients require repeat HCT [48]. A modified RIC 
regimen consisting of alemtuzumab, fludarabine, melphalan, hydroxyurea, and 
thiotepa has been utilized in the umbilical cord setting for four patients with HLH, 
with three of four patients maintaining sustained graft function [52]. RIC HCT with 
alemtuzumab, fludarabine, and melphalan is also complicated by high rates of 
infections, particularly viral reactivations which require close monitoring and 
treatment. 

Given these unique complications of RIC HCT, efforts are being made to improve 
the regimen by studying the pharmacokinetics of alemtuzumab [53, 54] and mel- 
phalan (personal communication, Parinda Mehta and Sharat Chandra). A prospec- 
tive study of alemtuzumab, fludarabine, and melphalan was also recently completed 
by the Blood and Marrow Transplant Clinical Trials Network (BMT CTN) and the 
results of this study are currently under analysis. Alternatively, some centers are 


Table 4 Outcomes of reduced intensity conditioning regimens in patients with HLH 


References N Survival (years) 

Cooper et al. [46] 12 75% (30 month median follow-up) 

Cooper et al., follow-up [47] 25 84% (3 year median follow-up) 

Marsh et al. [43] 26 92% (3 year OS) 

Marsh et al. [48] 91 70% (3 year probability of event-free 
survival) 

Marsh et al. [60] 16 (XLP1) 80% (1 year OS) 

Booth et al. [49] 23 (XLP1) 79% (various) 

Marsh et al. [45] 11 (XLP2) 57% (1 year OS) 

Ono et al. [50] 8° (XLP2) 90% (3 year OS) 


OS probability of overall survival 
“An additional patient was only followed for 5 months post-HCT and not included in the survival 
analysis 
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gaining experience with reduced toxicity approaches using treosulfan or targeted 
low dose or low area under the concentration-time curve (AUC) busulfan-based 
regimens. The experience gained in the next 5—10 years may dramatically advance 
the field of transplantation for HLH. 

A few other special considerations should be noted regarding allogeneic HCT for 
patients with HLH. When possible, allogeneic HCT should be performed when 
patients are in remission from HLH. Outcomes are generally better when patients 
are in remission at the time of HCT. In patients with XLP1, outcomes have even 
been shown to be better in patients who have never developed HLH compared with 
those who have a history of HLH [49]. These data prompt some transplant physi- 
cians to recommend allogeneic HCT for asymptomatic patients with genetic HLH 
disorders, though this remains controversial. If it is not possible to achieve remis- 
sion in patients with HLH, allogeneic HCT should still be attempted. 

Special consideration should also be given to patients with central nervous sys- 
tem (CNS) HLH. Like systemic HLH, CNS HLH should ideally be in remission 
prior to HCT. However, if not possible, allogeneic HCT should still be attempted if 
feasible, as allogeneic HCT can halt CNS HLH [55] (though fixed defects due to 
prior CNS damage may not reverse). Of note, patients with a history of CNS HLH 
are prone to CNS relapse in the early period following HCT, and should be moni- 
tored for signs or symptoms of CNS HLH early post-HCT [56]. Screening lumbar 
punctures following HCT can also be considered [55, 56]. Needless to say, CNS 
HLH complicates therapy and outcomes. 


Conclusions 


Here we have reviewed the current experience with the salvage therapy of HLH and 
definitive treatment of genetic HLH disorders with allogeneic HCT. Outcomes for 
patients with HLH have certainly improved for patients with HLH over the last 
decade, but more work is clearly needed in order to improve still sub-optimal sur- 
vival rates for patients. Prospective salvage trials for patients with refractory HLH 
are needed in order to compare salvage options for efficacy rates and toxicity pro- 
files. Improvements to current reduced intensity conditioning transplant approaches 
are needed in order to ensure sufficient sustained graft function in patients treated 
with RIC HCT. Fortunately, the HLH field is brimming with researchers who are 
working to advance salvage therapy and transplant approaches. Large collaborative 
efforts through organizations such as the Histiocyte Society and the North American 
Consortium for Histiocytosis will facilitate these efforts and will help to improve 
outcomes for patients with HLH as swiftly as possible. 
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